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1. EXECUTIVE SUMMARY j
THIS STUDY SHOWED THAT CONVENTIONAL NOISE REDUCTION TECHNIOUES
ARE ONLY MARGINALLY EFFECTIVE IN TRACKED VEHICLES. BASED ON A
SPECIAL COMPUTER PROGRAM PREDICTION, IT SHOULD BE POSSIBLE TO
ACHIEVE A 65% NOISE REDUCTION INSIDE AN M113 HULL BY REDESIGN-
ING THE IDLER AND SPROCKET AND ISOLATING THE ROADWHEELS. THE
ADDITIONAL NOISE REDUCTION TO MEET MIL-STD-1474B SHOULD COME =
ABOUT THROUGH HULL MODIFICATIONS. FULL SCALE SUSPENSION
HARDWARE HAS DEMONSTRATED THAT THE ABOVE GOAL IS REALISTICALLY
ACHIEVABLE.

The noise produced by track-laying vehicles has historically been a prob-
lem in the U.S. Army. Exterior vehicle noise provides enemy forces with
a means of detection at great distances. Interior vehicle noise prevents
accurate person-to-person or electrically aided communication and con-
tributes to hearing loss amonq exposed Army personnel.

If the Army is to provide personnel with armored vehicles having maximum
effectiveness, noise must he reduced to the limits prescribed by MIL-STO-
1474B. To accomplish this end, a multiphase program has been conducted
to develop a thorough understanding of the noise sources, the acoustical
and vibratory paths through which energy enters the hull structure,
and the mechanisms by which noise arrives at the various crew locations,
and emanates from the exterior of the vehicle. Based upon the results of
these analyses, the redesiqn of major noise-producinq components and the
application of new materials and coatings will then he under'-aken. The
vehicle chosen to develop this noise reduction technology is the
M113A1. The goals set for the program were a 17 dB(A) reduction in
interior noise to a level of 100 d1(A), and a 6 dB reduction iF, exterior
noise representing a 50' reduction in detection ranqe. T~is report
describes the third phase of the proqram to reduce the noise cf armored
track-laying vehicles to the above goals.

Phase I of the proqram isolated and rank ordered the various ncise sour-
ces responsible for overall noise, developed a computer proqram to pre-
dict changes 1i.n noise level produced by channes in track and suspension,

systems, and provided an understandinq of the noise producing iiechanism
of vehicles such as the MII3AI. This phase found that track-idler inter-
action was the major source of noise with the sprocket and roadwheels
heinq the second and third sources, respectively.

"Phase II developed the concepts necessary to reduce suspension system!
noise, and produced an experimental idler to verify the noise .-eduction
capability of these concepts. The vibratory power flow of the M1I3]
hull was analyzed and experimental damping, absorptive, and harrier
treatments were evaluated along with experimental modifications.

The present phase (II) involved desiqning and fabricatino a prototype
lquiet idlei and an expcri.ental quipt sorocket. Also the hull dynamics
of the MI13AI and the AIFV (both of similar size and suspension) were
compared to determine the reason for the significantly lower noise level
of the AIFV. A preliminary finite element analvsis was r:iade to mvetermnine
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if this technique could be used to predict the vibrational mode shapes
and dynamic response of the M113A1 vehicle with the ultimate aim of pre-
dicting the hull configuration required to achieve significant noise
reduction.

Based upon the conclusion that the idler is the major noise contributor,
a completely new design of the idler wheel was pursued. The design
proceeded in two steps, the first being a verification of the concept
that an increase in complience of the wheel rim would indeed reduce
noise. This idler wheel was designed to permit experimental variations
of radial, tangential and axial compliance. The second step was a prac-
tical design which incorporated those features determined to be most ap-
propriate in the experimental version of the idler. This prototype idler
wheel was designed with the goal of being practical, increasing noise re-
duction potential, and being directly interchangeable with the standard
idler wheel. It has a solid outer rim mounted on two rubber "doughnuts"
acting in shear which, isolate the rim from the axle. The maximum stroke
of the rim when contactinq the track is 3/4 inch, with a fail-safe stop
in the event of a severe impact upon the idler. Measurements on the test
stand indicate that this prototype idler wheel reduces interior idler
generated noise by 15 dB(A) to a sound level of 95 dB(A) at a speed of 30
mph. Limited duirability tests at 30 mph indicate that this idler wheel
is both durable and practical.

The idler contribution to the exterior acoustic signature was reduced to
well below the level of exhaust noise. If the sprockets and roadwheels
can be quieted as much as the idler, then suspension-related noise would
no longer lead to vehicle detection, even at high speeds, as the exhaust
noise would then be dominant.

Based upon the corcepts developed for the idler, an experimental sprocket
has been developed using a number of rubber "doughnuts" to isolate the
axle from the outer rim. However, a compliant sprocket is significantly
more complicated since it must be capable of transmitting torque through
the compliant element. Also, it must have fail-safe stops in the tanqen-
tial as well as the radial direction. Tests of the experimental sprocket
indicate that it is up to IO dB(A) quieter than the noise produced by a
standard sprocket. Although noise reduction is less than that provided
by the prototype idler and the design is more complex, it is anticipated
that the second generation sprocket design will be practical and will
provide 12-15 dB(A) noise reduction.

The next subject which was addressed in Phase III was the comparison of
the noise of the M113A1 with that of the AIFV. A-weighted noise levels
inside the AIFV vehicles and structural vibration levels on the hull of
the vehicle are on the average, 5 dB lower than for M113A1 vehicles. Al-
though the track and suspension or both vehicles are essentially the same
the upper hull shape and idler attachment are different. These differen-
ces were investigated using the concepts of statistical energy analysis
for hull generated noise and the attachment transfer function to inves-
tigate idler qenerated noise. It was concluded from this analysis that
the major hull radiating elements are the bottom plates and upper side

-2-



plates at low frequencies for the AIFV vehicle. For the M113A1 vehicle
the top plate is dominant and the side platcs are still important. At

higher frequencies (above 500 Hz), the sponsons dominate the acoustic
radiation for both vehicles.

Inertance functions are measures of the power accepting and dissipating
characteristics of the hull structure. In general, reductions in idler
inertances will lead to reductions in structural response levels, which
in turn will lead to reductions in interior noise levels, provided that
the acoustic radiation efficiencies of the structural elements are not
significantly altered.

At frequencies below 250 Hz, the vertical inertance of both M113A1 and
AIFV hulls is greater than that in the horizontal direction. This indi-
cates that if the horizontal and vertical idler input forces were equal,
vertical forces would dominate the hull response. However, test track
data show the horizontal forces can exceed vertical forces by up to 10 dB
for at least one speed during normal pperation.

Chanqes in idler attachment point configuration have no significant ef-
fect on vertical inertances. However, the raised idler location for the
AIFV vehicle has a lower horizontal inertance (by about 5 dR) in the fre-
quency range 125 Hz to 250 Hz. Therefore, at frequencies above 125 Hz
(see Fig. 22, ref. 16), the idler attachment point will, to some extent,
affect (by up to 5 dB) the vehicle interior noise levels, at least at a
speed of 30 mph.

It was also concluded that changes in the idler stiffness by up to a fac-
tor of ten will have no significant effect on the hull structural re-
sponse or vehicle interior noise levels. This is because power flow into
the hull is controlled by relatively flexible hull members with lonq
structural wavelengths. Additionally, the turret mass does not signifi-
cantly impact the vehicle inertance functions and hence interior noise
levels.

Appropriate structural modifications were not immediately obvious from
the statistical energy and attachment transfer function analyses, so a
finite element analysis was developed to guide the hull redesign
process which aims to produce practical hull modifications providing
5 to 10 dR(A) noise reduction. In this analysis technique, the M113A1
is modeled by a number of individual structural components or elements
which are interconnected at a number of joints, or nodal points. The
simplicity of the M113A1 shape lends itself well to this type of
analysis. This analysis technique provides accurate calculation of
hull resonance frequencies and mode shapes which, in turn, provides an
understandinq of the hull power flow for noise control purposes.

The initial model which was made has some accuracy problems. A second
model, which was constructed with a qre-'ter number of elements, is suffi-
ciently detailed to allow reasonable predictions of mode shapes and re-
sonance frequencies up to frequencies of about 300 Hz. Extension above
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400 Hz using the current nodal arrangement is not recommended. Good pre-
dictions of the measured vertical idler inertance function have been made
with the developed model, 7buct t•e measured horizontal intertance function
is underpredicted by about 10 dB.

A preliminary calculation using frequency and space averaging to predict
interior noise levels was encouraging and showed reasonable agreement be-
tween measred data and results predicted using finite element analysis
for the noise-to-force transfer function corresponding to one third oc-
tave hand vertical excitation of the idler spindle on the M113A1 vehicle.

Frequency and space average calculations using finite element analysis
results indicate that the interior noise levels at frequencies above 31.5
Hz are controlled by resonant response of the hull, rather than by stiff-
ness controlled response as was considered a possibility at an earlier
stage of the work. This suggests that, in theory at least, damping of
the structure should be an effective means of interior noise control. In
practice however it is~difficult to effectively damp the important hull
members due to the long structural wavelengths involved.

Statistical energy analysis provides a useful framework for understanding
the power flow between the hull structure and vehicle interior space,
even at low frequencies. This allows frequency averaged interior noise
levels to be accurately calculated from frequency and space averaged
structural response data which may be measured experimentally or calcu-
lated using the finite element model.

Frequency and space averaging of the modal output data (using statistical
enerqy analysis) from the finite element model is the most efficient and
useful means of evaluating the effects of hull structure modifications on
structural response and hence interior noise levels. It is anticipated
that this method will be used in the future to evaluate the effect of
hull structural changes on interior noise levels, as evaluating the data
mode by mode is tedious and the results are difficult to interpret.

To date, the entire noise reduction program has identified the idler as
the major noise source, with the sprocket and roadwheels being 3-4 dB(A)
less intense. A computer program has been written to predict the changes
in sound level resulting from configuration changes in the track and sus-
pension system. Idler noise has been reduced by the predicted amount of
15 dB(A), and the first generation sprocket design has produced up to a
10 dB(A) reduction. It is anticipated that roadwheel isolation will pro-
vide a 10-12 dB(A) reduction of roadwheel noise. A complete suspension
system incorporating the above quieted wheels should provide an interior
noise level at least 10 dB(A) (65% noise reduction) quieter than a stan-
dard M113 vehicle.

The additional 7 dB(A) of desire' noise reduction will be achieved by
modifications to the hull. Preliminary results indicate that simple,
conventional noise reduction techniques provide only marginal results and
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may not be practical. Therefore, a more extensive approach is required
to reduce hull generated noise. It is anticipated that hull noise can be
reduced by 5-7 dB(A) which combined with the suspensinn noise reduction
will provide the desired total of 17 dB(A). This reduction will produce
a vehicle which meets the noise limit of 100 dB(A) prescribed by MIL-STD-
1474B.

The fielding of light armored track-laying vehicles meeting this 100
dO(A) lifnit will provide a vehicle which is less detectable and operates
more efficiently, and will permit the crew and cavalry personnel to
perform their mission in a more effective manner.

2. OBJECTIVE AND GOALS

The basic objective of this program was to develop feasible noise control
concepts to aid in construction of a lightweight tracked vehicle that
will permit crew members to perform their duties without the additional
use of hearing protectors. They are presently required to use hearing
protectors in addition to the DH132 Combat Vehicle Crewman's Helmet.
Reduction of the interior noise level also would improve communication
between crew members.

Accordingly, the goal of an interior A-weighted noise level of 100dB has
been set, in conformance with the quidelines of MIL-STD-1474B, Category
B. Achievement of this goal requires a 17 dB(A) noise reduction in the
MI,13AI, primarily at low frequencies. In a weight-critical machine de-
signed for survivability in an extreme environment, this represents a
major technical challenge.I The U.S. Army Human Engineering Laboratory (HEL) and the U.S. Army Tank-
Automotive Command (TACOM) have recognized that practical design modi-
fications required to achieve significant interior noise reductions were
not available. It also was realized that the development of these noise
controls must be based on experimental and analytical evaluations of both
the noise sources and their transmission paths. Studies prior to the HEL
sponsored work [2, 11, 18 and 19] had identified the major noise sources
but had not quantified their contributions. Two preceding studies by FMC
Corporation, sponsored by HEL, have been conducted. The first study
identified the separate contributions to interior noise generated by the
idlers, the sprockets, and the roadwheels. This work also identified sev-
eral promising concepts for tracked vehicle noise reduction. The second
study developed an experimental idler to prove and optimize noise reduc-
tion concepts. Concepts for reducing hull-generated noise also were
explored.

Beginning with the third phase of this progrdm, TACOM, which has recog-
nized the operational advantages of reducing both interior and exterior
noise, has provided funding for this joint HEL/TACOM effort. The M113AI

¶ vehicle was chosen as the demonstration vehicle for this study because it
was used in the previous HEL-sponsored studies, because of vehicle
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availability, and because of the relative availability and low cost of
replacement parts. However, all noise reducing concepts developed In
this study could be adapted to other tracked vehicles with suitable
scaling changes.

Only suspension noise sources were considered in this study. Previous
studies [3, 16] have shown that other noise sources are secondary; such
as the engine, power train, and final drive gearing. Furthermore,
suspension noise sources are common to high-speed tracked vehicle noise
problems and the technology needed to successfully reduce the noise from
these sources does not exist at present. Developing practical noise con-
trols for these suspension noise sources is the fundamental purpose of
this program.

This present phase of the work follows largely from the results of the
previous two phases [16, 17]. The most important conclusions obtained
from that research were:

1. The technology to reduce tracked vehicle noise does not exist and
will require development.

2. Very careful control of testing parameters is necessary to accur-I ately measure the incremental noise reductions obtained when
evaluating potential noise reduction methods.

3. At and below 20 mph, both idler and sprocket noise must be
reduced to meet the noise reduction goals.

4. Above 20 mph, roadwheel noise also must he controlled in addition
to idler and sprocket noise.

5. Engine and power train noise is not significant compared to sus-
pension induced noise.

6. Vehicle interior sound absorptive treatments are not practical.

7. Making the idler and sprocket wheel rims more compliant is an ef-
fective noise reduction technique.

8. The best spring material for compliant idlers and sprockets ap-
pears to be either natural or synthetic base "natural" rubber.
Steel springs would be difficult to engineer into the limited
space available.

9. A number of highly resilient elastomers were evaluated as spring
materials, but were found to have inferior mechailcal or damping
properties.

* 10. In a compliant idler wheel, axial as well as radial and tangen-
tial compliance need to be investigated.



11. A very compliant experimental idler wheel was designed, fabri-
cated, and found to be rugged enough for extensive acoustical
testing. Measurements showed that the compliant wheel is 10-12
dB(A) quieter than the standard idler wheel.

12. Local stiffening of the hull at the roadarm and idler loca-
tions provided no significant changes to the mechanical
impedances and, therefore, no noise reduction potential.

13. A damping treatment applied to both sporsons provided appreciable
sponson vibration reduction at 500 Hz and higher trequencies.
This treatment also gave a modest vibration reduction of other
hull plates, and noise reduction of approximately 0-2 dB(A).

14. To achieve appreciable noise reduction b v means of hull plate
damping, a promising technique is constrained layer damping.
(This was later found to be much less effective than initially
expected.)

15. The computerized simulation of track dynamics, while producing
promising results, would require incremental refinement before it

should be used in desigrin] lower noise suspension components.

The reported program extends the previous work. The purposes are to
evaluate and optimize the noise reducti 'on of the previously developed ex-
perimental compliant idler, to demonstrate a practical reduced noise

idler, to demonstrate the feasibility of a compliant sprocket, and to
gain a better understanding of how the suspension vibration is conveyed
throughout the hull and can be reduced by hull changes. This research
was divided into five independent tasks, each of which could help reduce
noise. These tasks were to:

1. Measure noise and durability characteristics of the previously devel-
oped experimental idler. Determine the importance of axial, radial,
and tangential compliance on idler noise -,eduction.

2. Based upon the results above, desion, fabricate and test a prototype
quiet idler with a goal of A-weighted interior noise level of 95dB
and a service life of greater than 2000 miles. Exterior noise reduc-
tion will also be assessed.

3. Design, fabricate, and test an experimental sprocket carrier based
upon concepts developed for the compliant idler.

4. Determine the source of differences in interior and exterior noise
levels between M113AI and AIFV vehicles. Consideration would be

* given to individual noise sources, the method of attachment of the
suspension components, and the coupling and radiation properties of
the hulls.

5. Construct and exercise a finite element nodel to predict the vibra-
tional mode shapes and dynamic response of the M113A1 vehicle.

4
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SThe first tAsk yalidated the concept of a compliant-rimmed idler, and
determine those eatures which were most important for noise reduction,
The second task showed that the concept could be used in a practical,
production-feasible idler that has the durability required of tracked
vehicle suspension components, and will still lead to reduced interior A.
weighted noise level produced by the idler of 95 dB. The third task
showed that the concept proven on the idler also could be adapted to a
practical sprocket design which could transmit torque through the compli-
ant elements to the track. The fourth and fifth tasks compared the hull
structures of two vehicles of similar desiqn, one of which is, on the
average, 5 d3(A) quieter than the other. The fourth task approached this
problem with an experimental comparison, while the fifth task addressed
the problem from an analytical approach.

In this project, FMC Corporation, the producer of the M113A1 vehicle, was
the prime contractor responsible for the design, test, fabrication, and
overall management of the program. Mr. Thomas Norris of Consultants in
Engineering Acoustics produced the idler concepts and preliminary design,
and assisted in the final hardware design and testing. The experimen-
tal cohmparison of the hull dynamics of the AIFV and M113A1 vehicles was
conducted hy Dr. David Rennison of Bolt Beranek and Newman Inc. of
Canoga Park, California. The finite element modal analysis work was
conducted by Dr, Rennison, with the computer modeling done by Dr. Kenneth
Foster of Foster Engineering Company.

3. DISCUSSION OF TRACKED VEHICLE INTERIOR NOISE

3.1 General Discussion

Interior noise in tracked vehicles results from track interaction with
the drive sprockets, idler wheels, and roadwheels. The engine and
power train are secondary noise sources in most tracked vehicles. Some
vehicles, such as the M60 tank and the Infantry Fighting Vehicle (IFV),
have track support rollers which also may produce significant interior
noise. The track-ground interaction was not found to be a significant
source in any of the vehicles tested. Figure 3.1 is a schematic repre-
sentation of tracked vehicle noise sources and vibration paths.

Noise in moving tracked vehicles results from vibration of the hull which
is excited by suspension and engine-power train components. The interior
noise levels at the driver and crew locations consist of direct and re-
verberant contributions. Due to space and other practical limitations,
noise reduction in lightweight tracked vehicles can only be obtained by
reducing hull vibration, rather than by installing barriers or absorbers.
Consideration of "conventional" acoustic noise control barriers and ab-
sorbers showed that, because the entire hull radiates noise, the A-
weighted noise goal of 1OOdB could not be met within practical weight,
cost, durability, and size limits. Therefore, the noise control concepts
addressed in this study were: (1) the reduction of vibration at the vari-
ous sources, and (2) attentuation of vibration energy paths between sour-
ces and the hull.

8
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Figure 3.1 Schematic Diagram of Sourcis and Paths Responsible

for Interior Noise in Tracked Vehicles.
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The basic phenomena responsible for tracked vehicle hull vibration at
typical operating speeds are tension changes due to the geometry of track
engagement with the idler and sprocket wheels, and for.es resulting from
impacts between track shoes and the idler dnd sprocket wheels. Both of
these phenomena occur at track-layinq rate. A further discussion of
these phenomena appears in Reference [16].

3.2 M113AI Interior Noise Levels

When under way, the airborne noise levels in both the crew area and
driver space on the MlI3A1 armored personnel carrier exceed comfort,
cn:umtinicat ion, and hea-inq conservation standards.

For example, at 30 miles per hour the A-weiqhted noise level near the
driver's head 1cLt ion is 117 (Wi. At the same speed, the noise level
is P?- dM in the ?L)0 Hz octave hand, These levels are, resnectively, 17
and 2I dlR ahove those noise levels specified as acceptable in MIL-STn-
117411, Categlory 0, which is the maximum allowable level for systems re-
(knirin q e ectr'icallv-aided communication via an attenuatinq helme. or
headset..

The octave hand spectra for 15, ?5 and 3? Ilph in the crew compartment
are presented in Finures 3.2, 3.3, and 3.4. The noise levcls of the pro-
(uction MI13AI exceed the soecification goal hy 12 to Iq dO at 250 Hz,
,1oeioendinG, on vehicle speed.

The relative noise contributions of the idlers, sprockets, and roadwheels
!re presented in Figqure 3.5. The dependence on speed of both the A-
weightod noi se 1 ovel an,I o ctave hand! noi se 1 evel s is presented in Fi qure
3.6). in.or- coii plete discussion of these noise source levels appears in

4. ,PFRITlNIAI COMPAR I SON OF THE HULL PIYNAMI CS OF THI AIFV AND M113AIVI I C' ý, !

4. 1 ;Conceptual Approach

, ha; b)een observed that the A-weiqhted noise levels inside certain AIFV
Vvehic:les are on the averaqe 5 dOl lower than inside the similar MI13AI ve-
hicles. The pri-nary structural differences between these two vehicles of
almost ide('tical size are the upper hnll shape and the idler attachment
tiotails, the track and suspension system being essentially the same for
the twn vehicles. An excellent opportunity was therefore available to
explore Ithe potential tnr interior noise reduction as a function of these
hn Ih I des i (in diffferences

e; ir, ff or t to deve 1 of) an elipi ri ca 1 understand i nq of the importance of
t wo,' sWnt 1ie st rmmctural dif ferences , two studies were undertaken to exam-
-if, o nenrqv flow within both vehicles. The first investigated noise and
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vinration characteristics hy usinq the concepts of statistical ererqy
analysis and the second contrasted the attachment point transfer func-
tions of the vehicles' suspension systems. The results of these analyses
were then used to guide the developrment of an analytical ,.iodel , which is A
to be used to predict the effects of proctical structural hull modifica- -•

tions on the vehicle interior noise leve,3.
I

4.2 Vehicle Structural Characteristics I

The A[FV evolved from the baseline MI3 concept insofar as the suspen-
sion, track, and lower structure are almost identical for the two clas-
ses of vehicles; in fact, many of the structural component'; are inter-
changeable. Various differences exist, soI:;e Miaior and others rather
subtle; this discussion will concentrate on these differences. Fijures
4.1 to 4.6 present alternative views of the two hulls selected to hiqh-
light the major structural ele ",ents expected to ha ve the oreatest influ-
ence on the noise differences between the two vehicles. Emphasis has
been placed on the vehicles' rear sections and the ,,ier attachment
areas. In each figure the M1i3AI hull is used as the haseline and the
AiFV apoears on the overlav.

Fiqure 4.1 shows a section view looking f',or1 t0e vehicles' left. sides.
The largest differerces at the vehicle front are the snallower slope of
the AIFV nose and its relatively thinner hull thickness. The use of
bolt-on arl:,or protection m'ounted over buoyancy foam equalizes the hull
surface dersity, out rec,.;ceS :parIel: hendin.,o roi'ii,1it1 . Th- final drive
mountino system, flooring configuration, box bear, lower side plate, and
sponsun details appear the same for the two vehicles. Roadarms are
mounted in the same positions in the box beamis.

Major ,•'.ferences occur in the vehicle top socrfaces and rear configu'ra-
tions. The A!7V has provision for a turret (lrass about 1200 kg) and its
rear half is conposed of more anr s",:a11,er elate eleaments, foroling , sti f-
fer hull in the circulnferential direction (see Figure 4.2 for a rear
view). Fiqure 4.3 ccntrdsts the vehicle cross sections in the 'turret'
plane: the added turret mass ind the more riiid hull cross section might
he expected to redice the po)wer acceptin'l characteristics of the hull and
thereby reduce the itnflw ow or v irit i,) Tld] Pergyv, d'. I tast at low frequen-
cy. A commparison of the details o4 tne horizontal section toward the
rear of the hull and at a olane above the sponsors .s shown, in Figure
4.4. The fuel tanks are relocated from, an inboard left position on the
MII 3AI to a rear-mounted overhanging position on thc AIFV (see Figure
4.1). A considerable difference in hull vertical inert.ance could result
at the idler attachment position. !r! (general, the thi-knesses of the
"upper side' plates on the AiFV are some 30', less than on the M1l.3A1, due

to the use of space-laminate bolt-on arrlor. Ramp details for the two
vehicIes are similar.

Sdl er plate detai's are cooparJ iro Fi0 q es I.5 an, 4. 6. The former

compares the configuration of left dld riqht idler plate shapes for tbe
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Idler Pad Ba

Left Idler Pad (Viewed from Right FMC DWG 4169492)

Right Idler Pod (FMC DWG 4169490)

Figure 4.5 Cornparisofl of Left and Right Idler Pads for A1FV
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AIFV; the differences suggest the likelihood of asymmetries in the noise
transmission characteristics of the idler attachments. Similar differ-
ences in longitudinal position of left and right idlers occur on the
M113A1 and are to allow for fitting of the torsion bars from left and
right sides; the left track has one more shoe than the right track.
Figure 4.6 shows the differences in idler attachment pad location, with
regard to vertical positioning of the idler spindle relative to the box-
beam: the idler spindle on the AIFV is located some 64rmm higher than on
the M113A1 (on each side of the vehicle).

Certain directions for the comparison of the two classes of vehicles be-
come clear from this brief comparison. Experimentally,it would be of
interest to explore, in addition to absolute differences between the two
vehicles, the potential asymmetries in hull dynamic response and attach-
ment point inertance which may occur between left and right sides of each
vehicle, and whether, for the AIFV, these are influenced by the turret
mass. On the other hand, the influences of alternative idler locations,
of fuel tank/rear plate configuration, and of the details of changes in
hull cross section are more practically studied analytically with the
finite-element model of the hull structure. This work is described later
in the report. The work reported below describes the experiments carried
out and the results of the various comparisons made of the two vehicles.

4.3 Power Flow Analysis

4.3.1 Review of Concepts

Statistical energy analysis (SEA) provides a convenient means of describ-
ing the flow of vibrational and acoustic power between connected systems,
in terms of gross parameters such as the energy levels, modal densities,
and overall physical properties of the connected structures and/or acous-
tic spaces involved. A review of the concepts involved can he found in
references [16] and [17]; a surnary of relevant equations, using metric
units, is presented below.

The vibratory power dissipated in a panel structure Wd (in watts) is
given by

Wd = Wrl<v 2 >m, (1)

where

W (=2nf) is the circular frequency (radians/s),
n~ is the total structural loss factor (that is, the sum of the

acoustic radiation and str4icturai dissipation cqmnponents),
<v2 > is the space-average mean-square velocity (m/s), 2
<a2 > is the space-average mean-square acceleration (,n/s )2 and
m is the panel mass (kg).

Expressed in engineering units and in te-ms of space-average mean-square
accelerations, this equation becomes
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Lwd (dOB re 10"12 watts) = AL (dB re I g) + 10 log - + 131.8 (2)

where

2I g = 9.8 m/s and
AL is the acceleration level, calculated as AL=10 log [<a 2 >/(l g) 2J

The power radiated from a plate Wr (in watts) is calculated from mea-
sured plate acceleration levels according to

Wr (3)A

where
S is the panel surface area (m-).

cc is the characteristic impedance of the acoustic medium (for air,
pc is about 415 mks rayls, where mks rayls kg/mr/s), and

a is the (nondimensional) radiation efficiency of the plate.

0 is a function of the plate critical frequency fc' the plate area, and
the length of attached stiffeners fc is calculated as 12600/h, where h
is the plate thickness in mm. In engineering form, equation 13) becomes

Lwr (dB re I pW)= AL (dB re 1 g) + 10 logu + 10 log (S/f 2 ) + 150.0 (4)

The net acoustic power flow into the vehicle interior is balanced by
that absorbed on the vehicle bounding surfaces and by its occu-
pants, Wabs (in watts). For a reverberant acoustic space, with air
as the acoustic medium this balance is given as

Lwr = Wabs = <Pi> V•.rni/C 2  (5)

where

<pi 2 is thý space-averaged mean-square interior acoustic pressure

(Pa ) , 3
V is the interior volume (m ), and

n~i is the interior acoustic loss factor

Equation (5) may be expressed in engineering terms by

Lwa (dB re I pW) = Lp (dB re 20PPa) + 10 log (Vfrll) - 17.5 (6)

where the interior speed of sound is taken as 343 m/s. It is noted that
the interior acoustic loss factor relates directly to the interior re-
verberation timeT as ri =2.2/(Ttof). Equations (2), (4),
and (6) describe ?he balance of structural and acoustic energy levels
within the vehicles: these may be calculated from measurements of
acceleration levels and structural loss factors, measurements of the
interior noise levels and acoustic loss factors, and from the system
geonmetry.
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In the following sections, these quantities ;neasiared on the AIFV vehicle
are contrasted. with existing data for the M113AI vehicle presented 41n
Reference [17]. M113A1 data were recorded or vehicle number SJ136, at
32 kiin/hr- (20 miph) during normial underway paved track operation. AIFV
numbers NSJ00OS and tNSJO00fl were used for- tests; underway data at a
range of track speeds were recorded and analyzed for both. Emphasi s
here is placed on the NSJO005 vehicle, as this vehicle is the quieter of
the two, although limited NSJO002 data is presented to allow comparisons
between these two vehicles to be made. Comparisons between vehicles are
made at 32 kiii/hr (20 miph) .

4.3.2.1 Hull Vibhration Levels

Vibration l evel s were cieasured at about, 40 locat -ions on those interior
radiatinq surfaces of the AIFV expected to deternine the interior acous-
tic 1;ower flow. Tab! e 4. 1 [%resents spdCe-3veraned m~nsquare accel era-
tion levels for the major radiating interior panels. The analysis was
ca.r r ied ouijt in, one-third octave bands, but! data ýis presentled in cctave
b and s, and inr uonero 1 , t hree ieas u rement Iloca t ions were u sed to c al1cu -
1,4,-e the aseraqe fý)r each Panel . The standard deviation in acceleration
I evel between different locations on the same paniel was, in general,
less than 1 (di ait 250 Hz and less than) 0.5 dB at 100.0 Hz.

Thep A IF V vibrat ion llevelý oiui the i eft-hai-K hLA l anl are generallIy 31
to ") d P greater than those or-. the corresponding right-hand panels, as
shown in Figure 4.7(a) for the sinonsons and uop.,er si:de plates. T'his is
i ! cont ra st to r.¶113P.1 data which shows the riqht-hand panel vibration
levels to be margina lly greater than those or, the left-hand side (Figure
4i.7 (b))). Similar but weaker trends were observecý on the NSj0002 vehicle
as for the NSJOOO5 vehicle.

I quries 4. ?) an 4. ) b coyi;-are the underway accel eration levels on
s i-ili1ar hull 1 surfaces of t he A:FV and l-1113A1 trackedl vehicl es : almiost
:m'vuer-Sall1v., the AIFY levels adr-e 7 to 10 dBM lower than those en the

1 i31A1 h[.11 1

P is c 1 car- f rin; t nose d'ate, that the susipension at tachment pIn re
sp[o nse and the force-to-noise transfer functions should be examined for
as~y'dmetries between left anid right sides -)f the vehicle.

4.3.2.? inter-or lioise Levels

The d'ependence on forward speed o)f the A-weicihted interior- sound levels
for the !'IFV vehicles tested is presented in figure 4.9. The mean sound
I e'.P'1s and t he associated lo liimits are shown for The 'ISJO0CS vehicle

ad ), ri~d, to 1 a can t a i'Iaxi'iuil level of 110 dB(") as fnrwardl sp'eed
'~creases above 4Pý kn/hr (7niphl . This is in contrast to data -ieasiired.

t* r t'WO ot her vehi cles, NSd0O,"0? aid NSJ143, in which the soundi leveýl
increases wi h increasingq speed above 30 k::i'hr.
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TABLE 4.1

SPACE-AVERAGED MEAN SQUARE ACCELERATION LEVEL, 0B RE I G FOR THE
AIFV NSJOO05 AT 32 KM/HR (20 MPH).

THICK- Octave band Center Freauency - Hz
P L AREA NESS 63 175 250 ';W . k k - k --

Botto.1 PIlate 4.1 2M.1 -1.( -1.4 -2.? -5.0 -5.P -5.3 -7.2 -16.1

Floor Plates 4.1 5.0 -0.8 3.4 0.4 0.2 2.2 -4.3 -5.6 -13.8

Lipper Side Plate;

Left 3.4 28.1 -S.0 -6.? -4.1 -6.9 -F. -7.1 -5.7 -14.2
Ri(iht 2.4 -11.7 -13-3 -6.9 -5.6 -6.R -9.4 -8.7 -17.8

Incline' Side elate:
Loft 1.4 3,t.I -2.6 -6.5 -s.? -8.2 -7.3 -9.7 - . R -17.1
Rioht -9.1 -9.2 -7.4 -10.2 -10.2 -13.7 -14.7 -22.n

Spon son•
Left 2.0 12.5 -A.5 -8.3 -6.4 3.8 2.8 . 5.3 -.3.9
Rioht 1.3 -7.8 -10.4 -7.4 0.9 -2.6 -1.1 1.0 -9.6

Lower Side Plate:
Left 1.1 31.S -2.1 -5.0 -5.4 -r.1 -3.R -6.2 -5.7 -12.2
Right o.8 -3.3 -10.R -7.? -8.3 -4.q -4.5 -4.9 -13.6

Engine Access

a.0el 1.0 6.n -1.Q -?.3 -0.6 -2.5 -1.4 -1.2 -4.1 -13.4

Ra•,p 2.3 38.1 -9.9 -8.8 -11.9 -11.5 -12.2 -20.2 -20.6 -30.5

Tn)p Plate 9.6 38.1• -5.5 -2.1 -7.1 -7.9 -7.5 -14.9 -14.3 -23,8

Carmo Hatch I.0 3R. 1 2.3 -5.5 -6.4 -7.7 -8.5 -8.2 -9.1 -11.6

4 - 2
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Fiqure 4.10 shows interior sound level spectra for the under way AIFV
vehicles tested at a forward speed of 32 km/h (20 mph). Also shown is
the spectrum of the M113A1 sound level, taken from Figure 6 of [16]. The
interior spectrum levels for the AIFV are generally 5 dB lower than
those in N1I3AI vehicle, the differences for AIFV NSJO005 being only
marginally less than the differences in hull panel acceleration levels
presented in Fiqure 4.8. Measured octave band spectra of the AIFV in-
terior sound levels, showing the dependence on vehicle forward speed,
are given in Figures 4.11 and 4.12 for vehicles NSJO005 and NSJOOO2,
respectively; the speed characteristics of the two vehicles are quite
different, reTiectinq slight differences in construction detail, toler-
ances, or track condition. The differences in interior sound levels
between the two AIFV vehicles compare closely witn the differences in
hull panel acceleration levels. For example, at those forward speeds
where NSJO002 sound levels exceed the NSJO005 levels, NSJOO02 accel-
eration levels exceed the NSJO005 acceleration levels by similar
amoun ts.

4.3.2.3 Hull Radiation Efficiencies

While the structural characteristics of the liwer section of the AIFV
and M113AI vehicles are essentially the same in terms of their radiaticn
properties, the upper portions of the AIFV are smaller in area and thin-
ner than for the M113AI, with resulting differences in radiation effi-
ciencies. Figure 4.13 compares the calculated radiation efficiencies for
various AIFV hull elements with those for the MI13A1 hull taken from
Reference [17]. The AIFV appears to have slightly greater radiation
efficiencies, but the differences are generally less than 3 dB. This 3
dB, when subtracted from the 7 to in d3 difference in acceleration
levels between AIFV and M113AI vehicles, matches closely the differences
in interior sound level shown in Figure 4.10 to exist between the two
vehicles.

4.3.2.4 Structural and Acoustic Loss Factor Data

Loss factor information for the hull and interior space is used to de-
terinine the energy dissipation occurrinq in the two systems. Structural
decay measurements were made using an impulse technique, while acoustic
decays involved interrupting a steady-state interior acoustic signal and
observing the oecay rate.

Structujral loss factors for AIFV and M113A1 vehicles are presented in
Figures 4.14 and 4.15. Data were measured on the larger hull surfaces,

but there appears little significant difference between the different
locations. Further there are no significant differences between thp
loss factors of the two vehicles, being typical of welded built-up
aluminum or steel structures. The bolt-on armor plating does not
appear to provide any sionificant hull damping because the foam core
is not sufficiently stiff to resist deformation. The calculated
radiation loss factor for the AIFV roof is shown in Figure 4.14,
T(rad=?•CSO / w): this curve, which is representative of all the
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radiating surfaces, lies well below the hull total loss factor curves
suggesting that internal losses dominate the energy dissipation process. -
As noted previously [26] there appears considerable scope for increasing
the hull total loss factors, particularly at frequencies above 125 Hz.
Whether this is practical Delow 500 Hz in view of the influence of lonq
wavelength vibration modes [], remains to be seen.

Acoustic loss factors of the interior soace are presented in Table 4.2, 1
together with the averaged hull loss factors. Good similarity between
previous acoustic reverberation times and Dresent data was found.

I

4.3.2.5 Power Flow Calculations

Calculations for the underway AIFV (NSJO005) of the power dissipated in
the hull structure and the power dissipated by radiation frcol hull pan-
els into the hull interior, and calculations of the interior acoustic
power level ebsorbed in the hull, were made following equations (1)
thruuqh (6). The interior acoustic dissipated power levels were calcu-
lated from the mpasured octave-band noise levels (Fiqure 4.10) and the

TA6LE 4.?

LOSS FACTOR DATA FOR HULL STRUCTURE AND INTERIOR ACUUSTIC VOIUME
FOR THE AIFV VEHICLE

Octave Band Center Hull Loss Factor Interior Volu.me
Frequency (Hz) Loss Factor

63 0.30 0.065
175 0.055 0.037
250 0.015 0.021
50 0. 0065 n.01?
1k 0.0040 0.0074
2k 0.0028 0.0037
;k 0.0022 0.0025
9K 0.0016 0.0014

loss factor data in Table 4.2. Hull dissipated and radiated power lev-
els for individual panels were calculated from. averaqed panel octave-
band acceleration measurements (Table 1.1), hull loss factors (Figure
4.14) and calculated radiation efficiencies (Figure 4.13(a)).

The power balance results are presented in Fiqure 4.16 for 32 km/hr (20
;qph) forward speed. Also shown are the baseline interior acoustic power
levels for the M113A1 vehicle [?6]. The acoustic power radiated from

4 toe hull surfaces (Fiqure 4.16, curve 3) closely matches the acoustic
power level dissipated (i.e., absorbed) within thp hull interior space
(curve 2), as WdS found for the M113AI vehicle [17]. The hull dissipated
power .:lue to structural clamping nleLhmn i s3,s ,qi re 4P , curve
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exceeds by up to 10 113 the power dissipated by radiation from the hull
surfaces, even allowing for radiation froin the vehicle exterior, The
acoustic disipated pawer levels for the M1I3AI (Figure 4.16, curve 4)
taken froain 17], are up to 103 dB greater than those presently measured on
the AIFV NSJLJ005 under similar test conditions (curve 2), consistent with
the differences in interior noise level spectra.

Figure 4.1/ snows the calculated major contributors to the hull radiated
power levels for the AIFV at 32 kmn/hr (20 mph). The bottom plate is
clearly the dominant source at frequencies less than 5(00 liz, and the pan-
el elemnents on the left side of che vehicle contribute significantly
greater power than those on Ohe rignt side. Figure 4.17b shows the cdl-
cuiated major contributors to the hull radiated power levels tor the
M113AI at 32 km/hr (20 mph) tor comparison with the A[FV. The contribu-
tioris frori the top panel, upper side panels and lower Side panels (both
left and right combined) are siiu lar and to avoid confusion are repre-
sented by a single curve. The data used for the curves are from refer-
ence [17], where data for the left arid right sides have been combined and
only the totals presented. Thus, no distinction is wade ds to which side
radiates more power. For the M113AI vehicle, Figure 4.17b shows that the
sides and top are the iiiost important contributors. The A!FV top plate is
a relatively weak contributor, in contrast to the situation for the
MII3AI. The smaller-element, stiffer cross-section of the AIFV hull ap-
pears to blocK the flow of vibrational energy froai attachment point to
the vehicle top surface.

As for toe '1113A1, however, barriers would not oe a p.'actical form of
noise control due to the relatively large radiating areas.

4.3.3 ULIscussion

The major observations to be made troi.i these measurements and calcula-
tions are:

1. The AIFV hull vibrdtion levels, particularly in the top plate, are
signit1cantly lower than in the M11,3I1 vehicle during underway track
operation. These oitterences are si-niliar to the differences i-, in-
teriur sound levels.

2. The adjor radiating null elements are the bottom plate and the upper
side plates at low frequencies, with the sponsons becoming dominant
at trequencies above their fundamental spanwise resonance. This is
in contrast with the .1I3AI where the top plate controlled the inter-
ior sound levels.

3. statistical Lnergy Analysis provides a useful trainework for under-
stanL, mig the power flow between structure arid interior space even
at frequencies as low ds 250 HZ.
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Previous experiments showed that surface damping treatments are unlikely
to significantly reduce interior sound levels, even though the response
of the hull is primarily resonant. This is mainly due to the difficulty
in damping modes with a long structural wavelength, which are important
contributors to the overall structural response and acoustic radiation.

Composite structures of the same mass and bending stiffness (for strength
purposes), and consequently having the same resonance frequency distribu-
tion, will be no more amenable to damping than the existing plate confi-
guration: this is because the wavelength of the structural modes will be
unchanged as a function of frequency. Composite structures of the same
mass but lower stiffness (ignoring strength considerations) will have a
higher modal density, but will be more amenable to structural damping
techniques. It is believed that these two factors will offset each
other, since the vehicle's resonant response is proportional to the modal
density (which will increase) and inversely proportional to the structur-
al loss factor (which will in~rease). In fact, preliminary analysis in-
dicates that the vehicle response will increase, rather than decrease as
required. While composite structures involving laminated damping layers
ma provide an advantage, an analysis of the potential benefits as a

nction of structural stiffness, mass, and loss factor (which itself
depends on these two parameters) should be developed to guide any empir-
ical study. It is recommended that such studies be undertaken before any
experimental work is considered.

4.4 Hull Attachment Point Transfer Function Analysis

4.4.1 General

Attachment point noise-to-force transfer functions (TF.'s) and inert-
ances were measured on AIFV and MI13A1 vehicles for various configura-
tions in an attempt to determine the influence of the differences in hull
construction on the power accepting capability of the two hulls. The
measured data are presented and discussed below. The instrumentation
system used is shown in Figure 4.18. Inertance is defined as the trans-
fer function between acceleration output and force input, where the ac-
celeration is measured at the point of application of the force,

H(jw) = a(jw) - a_ýJ: a. ej(c-B)
F (jw) IFIeJB JFJ

so that IH(jw)l ='j is the inertance magnitude and

O(jw) = (o-t) is the inertance phase angle.

4.4.2 Noise-to-Force Transfer Functions

Differences between left- and right-side noise-to-force T.F.'s at the
idler spindle in both vertical and horizontal directions were measured
on the AIFV NSJO(05 and M1I3AI SJ136 vehicles: the reduced data are
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shown in Figures 4.19 to 4.21. Figure 4.10 (a) shows left- and riqht-
side noise-to-force T.F.'s for horizontal excitation of the idler spin-
dle. The right-side T.F. is marqinally higher than the left-side in the
mid-frequency range, in comparison to the situation for the MI13AI hull
(Figure 4.19 (h)), where d'.fferences of up to 6 d1 in T.F. occur between
400 Hz and 1 k0z. Comparison of the average of left- and right-side
horizontal data for the two hulls, as in Figure 4.21, shows that the
noise-to-force T.F. for M113AI hull exceeds that for the AIFV by 3 dR
over most of the frequency ran(e from 100 Hz to I kHz. (These trends
are also reflected in the left/right AIFV/MII13AI horizontal iriertance
measurements as seen in Fiqures 4.2? and 4.23 in Section 4.4.3).

Data for vertical excitation of the idler spindles are presented in Fig-
ures 4.2(1 and 4.21. The riqht-side T.F. for the A]FV exceeds that for .
the left side by a ýalue of about 3 d5 over the whole frequency ranqe I
(Figure 4.2n(a)) in contrast to the case for the MI13AI hull (Fiqure
4.20(b)) where the left and right T.F.'s are similar. These are in
contrast to the acceleration level differences hetween left and riqht
sides of the AIFV vehicle shown in Figure 4.7(a). Left/right averaqed
data for the two hulls are compared in Figure 4.21(a), where the ahso- -

lute differences in T.F. magnitude are seen to he about 10 d13 at aboit
12S liz decreasino to I to 2 dl0i at I k0z. (Aqain, these differences are
in general aqreement with those foind in inertance measurement to he
presented in Section 4.4.3).

We note that the present T.F. 's for the .1-13Ai hul 1 are in rgooal agree-
nent with those previously presented in [16]. Fiqure 39, which involved
a similar measurement configuration.

4.4.3 Hull Inertance Transfer Functions

4.4.3.1 Left/Riqht Asymmetries - AIFV

Left- and riqht-side idler inertance, umeclsures'ents, both ma(Initude
H and phase , for horizontal and vertical excitation of the

AIFV hull, with turret mounted on vehicle, ire orpsented in Figures 4.22
and *1.?3. 'n both directions, considerable asymn,ýtrv between left and
right sides nt the AIV L;l I iiPler i ner t • (i vx • 1 st, al thou(ih fbi s is
stronqPSt in the vertical direction and in the rý,,ion of I kHz. At low
frequencies, the horizontal hull i nertances -icreaso sronnthl v at alout
12 dlM per doublinq of frequency, and the phase anqle between accelera-
tion and force is 1,0c, characteristic of a stiffness-cnntrolled svster.
As freouency increases, hull resonances produce fluctuations in inert-
ance magnitude and decreases in phase anqle. In the vertical ýirection,
the inertance nau!nitude fluctuates strono1 y at low frequencv about the
gmnonth horizorntal inertance function; correspnndin ol y strono variations
in phase angle occur. Hull resonances are appdrently more easily driven

by .vertical idler force than by o.,e in the hori ortal direction. This 4
is mlore cledrly seen in !iqgre 4. ?4 where horizonta3 and v*'rt i al inert-
ances are c1l)Idred over the fre,,uency rarn e mii, t. 2•;. Hz.
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Similar results are observed at the final drive attachment points. Fi-
gures 4.25 and 4.26 show the horizontal and vertical inertances respec-
tively. Only small inertance differences between left and right sides
exist in the horizontal direction, but in the vertical direction strong-
er asymmetries (up to 8 dB) occur. Of greater importance is the 5 to 8
dB difference between vertical and horizontal inertance over the low
frequency range up to 250 Hz. As for the idler spindle, stronger cou-
pling occurs betweEi the hull and final drive attachment point for ver-
tical excitation than for the horizontal direction. We also note that - -

the magnitudes of the idler inertances are greater than those for the
final drive, in both excitation directions.

4.4.3.2 Left/Right Asymmetries - M1I3AI

Left- and right-side inertance asymmetries in the horizontal and verti-
cal directions on the M1I3AI idler spindles are shown in Figures 4.27
and 4.28. The right side idler attachment is 3 to 5 dB stiffer in the
horizontal direction over much of the frequency range to 2 kHz. There
is close correspondence in vertical inertance over most of the frequency
range except oelow 200 Hz, where ýtronger coupling to resonant modes oc-
curs for the right idler. These asymmetries are reflected in the noise-
to-force transfer functions presented in Section 4.4.1.

The vertical ard horizontal idler inertance functions for the MII3AI are
compared at low frequencies in Figure 4.29. A 10 dB difference in in-
ertance function riagnitude reflects the great differences in hull stiff-
ness in the horizontal and vertical directions. Further, the mean phase
anqle difference (about 900) between veitical and horizontal directions
reflects the oifferences in the nature of the hull dynamic response and
power acceptance characteristics: the hull response is influenced at
some frequencies by structural resonances for vertical excitation, but
doinated by ullI stiffness (mainly in the horizontal direction) for
horizontal excitation. These trends were also evident in the AIFV
results, in particular Figure 4.24.

4.4.2.3 Effect of tht AIFV Turret

inertances at idler and final drive attachment points were measured with
the turret mass both mounted on and removed from the AIFV hull. Since
the turret mass represents only 10% of the total vehicle mass, the tur-
ret was not expected to have a significant effect on the attachment
point inertances at high frequency where the turret effect will be
localized to the turret area. In contrast, at low frequencies where
structural wavelengths are of the order of the vehicle length,
differences were expected since the turret effect is no longer
l oca! i Zed.

Figure 4.30 shows the left-side, horizontal idler inertance functions
with and without the turret mass in position: no significant differences
in inartance .ani.tu.e or phace exist. Similar results are found for
the vertical inertance function, although at frequencies below 200 Hz,
somle m in or changes in magnitude and frequency response occurred, as
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shown in Figure 4.31. Results for the right side of the AIFV were gen-
erally the same as for the vehicle left side. Likewise, the turret mass
h~d no significant effect on final drive inertance functions. An exam-
ple is shovn in Figure 4.32.

4.4.3.4 AIFV/M113A1 Comparisons

Figure 4.33 presents direct comparison of the left-side, idler spindle
inertance functions measured for vertical excitation. While there are
general similarities in the results, certain differences are clear. At
frequencies below 250 Hz both vehicles exhibit a resonant response.
This is characterized by phase variations from 0*° and strong fluctua-
tions in inertance magnitude with frequency. The frequency range over
which this occurs is wider for the M1I3A1 than for the AIFV. At the
same time the inertance magnitqde of the M113A1 is up to 10 d3 greater
than that for the AIFV. It appears that the MI13A1 structure will
more easily accept low frequency power for vertical idler forces than
will the AIFV structure. The same trend exists for measurements on the
right side of the vehicles. At higher frequencies, the M113AI inertance
exceeds that of the AIFV by about 3 dB, while the phase variations are
essentially the same. The power accepting character of the right idler
at high frequencies is similar.

The horizontal inertance functions of the idlers of the two vehicles are
similar as shown in Figure 4.34.

Figure 4.35 compares final-drive vertical and horizontal inertance
functions for AIFV and MI13AI: the instrurtentation system involved was
similar to that in Figure 4.18 and is described in [17]. The MI113A!
vertical inertance is much the same as that of the AIFV, but the mid-
frequency horizontal inertance of the :'413AI final-drive is about 2 dB
greater than that of the AIFV.

Figure 4.36 showis the inertance measured at the bottom of the roadarm
attachment (on the bearing housing) for the AIFV and M113AI vehicles:
the transfer functions are similar, and both indicated a primarily
stiffness-controlled response at the roada•r/hull attachment points.

It appears that the major differences between the two vehicles lie in
the power accepting characteristics of the idler in the vertical and, to
a minor extent, horizontal directions at low frequencies.

4.4.4 Discussion

The following major observations can be made fron these measurements:

1. At frequencies below 250 Hz, the vertical inertance of each hull is
greater than that in the horizontal direction.

2. The vertical idler inertance of the M113AI hull is greater than that
of the AIFV hull, particularly between 100 and 300 Hz.
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3. Assuming equal force input to the attachment points in both hor.izon-
tal and vertical directions, the vertical idler forces will control
the interior noise levels in each hull. However, from [16] it can
be deduced that the horizontal idler forces can exceed by up to 10
dE those developed in the vertical direction.

4. The turret mass does not significantly impact the vehicle inertance
functions.

5. Strong asymmetries between left- ard right-side inertances and
noise-to-force T.F.'s exist for the AIFV, but these are less evident
in the M.113A1 data. These may result from longitudinal idler mount-
ing differences.

In Section 4.4.2, the noise/force T.F.'s for the MII3AI were found to be
between 3 and 10 dB greater than the corresponding T.F.'s for the AIFV
vehicle and these differences are similar to the inertance differences
reported in Section 4.4.3. This is not necessarily expected since the
inertance function is an integrated measurement of the power accepting
and structural dissipation characteristics of the hull structure, while
the noise/force T.F. also incorporates the hull radiation characteris-
tics. A more direct relation between response/force and noise/force
T.F.'s would be found if response measuremcnts were made on the major
radiating areas such as the top and bottom plates. However, in general
it is believed that reductions in the attachment point inertances will
lead to similar reductions in the hull vibration response and in turn in
the interior noise levels.

Appropriate structural modifications are not imnmediately obvious from the
reported measurements and so an analytical model was to be developed to
provide guidance in the hull redesign process which aims to produce a
5 to 10 dBA noise reduction through practical hull modifications. The
analytical modeling study cn the baseline •1113AI vehicle is presented in
the next section.

5. FINITE ELEMENT MODAL ANALYSIS OF AN M113A1 VEHICLE

5.1 General

The vibratory power acceptance characteristics of the M113A1 hull over
the critical frequency range up to 500 Hz is influenced strongly by whole
vehicle vibration modes, that is by modes whose wavelengths are compar-
able to typical hull dimensions. Finite-element (F-E) analysis was pro-
posed as a feasible, economic modeling technique which would allow accur-
ate calculation of hull resonance frequencies and mode shapes and, in
turn, hull inertance and force-to-acceleration transfer functions and
facilitate an understanding of the hull power flow for noise control pur-
poses. This chapter reports the-tresults of the F-E modeling study con-
ducted: included are discussions of the basic modeling concepts and
assumptions, a theoretical discussion for the prediction of vibration and
noise levels, study results for initial and final F-E hull models, and
study conclusions and recommendations for model use.
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5.2 SuP,'inary of Equations for Generalized Structural Vibration Response and
Tnterior Acoustic Power Radiation

The vibrational response of a bounding structure and the associated in-
terior acoustic radiation into the bounded cavity can be derived from
classical theory. A brief derivation of these results is presented in
Appendix A and the major results are suninarized below.

The vibrational response of the structure w(R,w) due to a point harmonic
force of amplitude F(w) located at xF at circular frequency w is given
by

w(x,.: = F,
rrr

Here, the structure is represented by its set of normal modes, where
•r' Mr' and Yr are the node shape, generalized mass, and modal re-
ceptance of the rth normal node. in particular,

21

where wr and nr are the resonance frequency and loss factor of the
rth mode, and

>ci

where 11(i) is the surface mass density of the structure at x.

When several modes are resonant in a narrow frequency band of widthAw
and the a-nTilitude of the excitation force F(w) at iF is constant over the
analysis band, the vibrational response of the structure will be
determined by the resonant peaks of those nodes resonant in the analysis
band (r$,). In assessing the effects of structural modifications,
esti:mates of snace-averaged, mean-square displacements averaged over
the narrow band of frequencies _ý are more useful than point-to-point
transfer functions, due to the s;patial variation in surface displacement.
An expression for these displacements is derived in Appendix A as
equation (A.12). The band-averaged displacement spectrum is

N. T i: 2. r ý

(
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where FA 2  AW . is the band-limited force spectrum level.A 2

Here W-2AA is the space-averaged mean-square displacement, averaged
over A ', developed on the structural element A in response to the band-
limited force F A acting at 7F. Such an element could be the roof or
floor or sidewall, and each contribution to the total energy of vibration
is indicated by the expression

The term in square brackets describes the restraint provided by the
structure on the region A of interest.

The quantities M , 'Pr(i), and 'P(XF) are calculated in the F-E computing
procedure so thaf equation (A.12ý can be evaluated by manipulation of the
output file data.

The band-limited acoustic power VA Amin watts radiated to the cavity in-
terior from the structural element A'is derived as (Equation (A.19))

L,A W RradA (13)

T- 2 A

A6' 7T fA R__ _A, W •-m Rrad,A
•nr

where •rad A is the band-averaged radiation resistance for the structural
element r,'calculated from Statistical Energy Analysis. Such an approach
will be valid within reasonable limits for frequencies of about 200 Hz
and above. For example, using Equation (9.5.16) from [15] for the modal
density of a rectangular parallelopiped, the M113AI of interest will have
5 acoustic modes in the 200 Hz one-third octave band. Alternative
approaches, while theoretically practical, will be excessively expensive,
yet cannot be guaranteed to be more accurate due to imprecision in input
data.

[quation (13) shows that the results for structural response of the vari-
ous hull elements can be used to directly calculate the interior radia-
tion. Likewise,noise reductions associated with different hull configur-
ations can be assessed by changes in w A,A and Rrad,A"

5.3 Model ing Procedure

The basic concept of the finite element method is that every structure
may be considered to be an assemblage of individual structural components
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or elements. The structure must consist of a finite number of such ele-
ments, interconnected at a finite number of joints or nodal points. This
finite character of the structural representation makes possible the
analysis by means of matrix equations, as distinct from the continuum
mechanics approach which becomes impractical for complex structures.
Thus, and on account of the general simplicity of the M113 hull, F-E
analysis was selected as the modeling procedure.

To make the validation of the finite-element model more direct, the bare
hull was modeled in the configuration corresponding to the inertance and
noise/force transfer function measurements described earlier. Extension
of results to underway operation will require some additional modeling of
the idler linkages. The hull model presently includes the idler spindle
only. The bilateral symmetry of the hull suggested that only half of the
structure needed to be modeled, and this was done with a combination of
plate and beam elements using qnly about 150 nodes. In the modal extrac-
tion process symmetric and antisymmetric modes were generated in two
computer runs where the hull centerline boundary conditions are main-.'
tained to have, respectively, zero vertical displacement but may rotate,
or zero rotation but may deflect vertically: computer costs are thus
significantly reduced. Very stiff members, such as the longitudinal box
beams, the bottom plate stiffeners, the narrow sill plates bounding the
ramp door and the cupola support frames, were modeled with equivalent
beam elements. Massive elements such as the batteries, fuel tanks,
hatches, and the ramp door were represented as lumped mass.es located at
boundary nodes. The vehicle engine, roadwheels, track, and suspension
elements were considered isolated from the hull and therefore omitted, as
were the forward engine hatch cover plates.

Large plate elements such as the top plate, bottom plate, and upper side
plates were represented by plate elements connecting a grid of node
points distributed approximately uniformly over the hull surfaces. The
local stiffness characteristics of the idler spindle and mounting pad
were represented by a beam of equivalent stiffness, determined from a
static analysis of the idler pad area using a finite element modeling
technique, EASE2, which is supported by Engineering Analysis Corporation,
Los Angeles. The local stiffness characteristics were added into the
hull model.

Mode shapes, resonance frequencies, and modal masses were computed using
the STAR program of the MRI/STARDYNE Static and Dynamic Structural Anal-
ysis System, developed by Mechanics Research Inc., Los Angeles.

Transfer functions, both drive point inertance and hull acceleration-to-
idler force T.F.'s, were calculated usingq nYNRE2 proqram of the
MRI/STARDYNE System. In this,4oss factor data from previous measure-
ments were used. T.F.'s were computed for hoth symmetric and antisym-
metric modes and combined as vectors.

Validation was to be carried out hy comparison of rmeasured and computed
idler inertance and hull acceleration-to-force T.F.'s. Limited noise-to-
force T.F. 's were to be computed for cormparisonr 'ith measurement.
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5.4 Results

5.4.1 Initial Model Configuration

The initial modeling array of nodes and plate elements is shown in Fi-
gures 5.1 (a), (b) and (c) in isometric view, and Figure 5.1 (d) in a
single projection where all the elements and nodes are connected as
model ed.

The top plate consisted of a rectangular array, 9 elements along the top
plate length and 4 elements across half the top plate width. Rectangular
cutouts represent the cargo hatch and the commander's cupola. The in-
clined front was represented as 9 rectangular plate elements, the asym-
metry of the engine access opening being ignored due to its remoteness
from the drive point. The hatch plates were omitted for simplicity.

The upper side plate was represented by rectangular and triamla plate
elements, with two interior nodes from the sponsu.1 to the top plate, and
about 10 interior nodes longitudinblly. The sponson was represented by a
single longitudinal line of plates, i.e. no interior nodes were used
across the sponson width following the argument that the lowest sponson
mode was measured to be above 500 Hz. Likewise the lower side plate con-
tained no interior nodes across its vertical dimension, being represented
by a line of rectangular plates.

The bottom plate was represented by a set of rectangular and triangular
plates with a series of beams located approximately where the floor
plate supports exist in the actual vehicle. To include the effects of
the engine bulkhead, bottom and top plates are tied together with plate
elements at node locations 400, 412, and 310. Only one interior node was
used between the center of the bottom plate and the lower side plate.

The box beam was represented by a line of beam elements located at the
junction of the lower side plate and the bottom plate, with appropriate
torsional and bending stiffnesses. The rear hull above the sponson was
represented by a set of three plate elements bounded on the ramp side by
a stiffening beam element. The sill which extends around the ramp was
represented by beam elements, although the sill at the bottom plate line
was omitted. The mass of the ramp was represented by a series of point
masses located at the base of the ramp-nodes 1200 and 1201, the ramp be-
ing considered to provide no significant stiffening to the bounding sill
of the hull rear panel.

The eqiivalent beam representing the local stiffness characteristics of
the idler pad was attached to the hull at node 1202 and extending essen-
tially as on the real vehicle: thus a node at 1250 occurs 125 mm (5 in)
from 1202, which is the corner of the vehicle. Two additional nodes,
1251 and 1252, oriented verticaliy and horizontally, are located very
close to node 1250, and this allows the response to be calculated at the
point of application of the force (1250).

Pm isometric view of the nodal arrangement is shown in Figure 5.2. The
SIippr)rt system for all nodes corresponds to the hull supported to allow
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(b) Bottom Plate

figurr, 5.1(a) to (c). Isometric View of Node Locati4ons -Initial Hull Model.
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Figure 5.2. Isometric View of Hu~ll Elements-- Initial Hull Model
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unrestrained vibration.. Thus,the actual grounding occurring during mea-

surements (i.e., wooden cribbing arbitrarily placed in from each corner
of the hull under the rear sill) was not modeled directly -- rather the
free-force supports were thought most representative of the actual sup-
port conditions, although at high frequencies the supports should not
afeect the results to any great degree.

The degree of detail employed in the hull model adequately represents the
elastic behavior of the vehicle in all but one respect; the local deflec-
tions near the point of application of force. Providing sufficient de-
tail in the vicinity of the idler attach pad in the hull model would be
prohibitively expensive and ould decrease overall accuracy. Instead the
local flexibility is simulated in another finite element model, a detail-
ed representation of the rear lower corner region using the local geome-
try model shown in Figure 5.3 (a), which shows the nodal arrangement of
the left-hand idler pad viewed from the centerline of the vehicle. In
this analysis the idler was considered as a rigid body attached to the
hull at the eight bolt locations. Loads developed in the idler in re-
sponse to a horizontal or vertical force at the idler free-end were
transmitted to the idler pad and surrounding structure through the bolt
locations common to both idler and pad. The results constitute the
stiffness matrix of only those local elastic details which are not repre-
sented in the hull elements. This local stiffness matrix is incorporated
into the hull model as an equivalent beam. (The equivalent beam method
is used because it is more convenient than applying an actual stiffness
matrix; the solution is exact.)

Figures 5.3 (b) and (c) show the idler pad distortions produced by ver-
tical and horizontal idler forces. Considerable out-of-plane deflections
are produced by an in-plane force, as indicated in the idler pad flexi-
bility matrices presented in Table 5.1. In this the deflections of the
idler free-end to vertical and horizontal forces are presented in Table

TABLE 5.1 IDLER ATTACH PAD FLEXIBILITY

M113AI Left Side Pad M113A1 - Right Side Pad

6 d6x •z
F .2633 .0440Fx x . 0-G in - .5983 .1227 -6 inx 0.- 10IO

Cx <•x Ib . 1 2 2 7 .4 2 0 1
~-F~ .0440 .2959

Z Z
(x - direction is horizontal (longitudinal) and z - direction is vertical)

Equivalent Beam: Length 5 in.
z

Ix, = 22.52 in 4  z I', = 20.58 in4

Iz, = 31.60 in" =. 0 / z, 11.12 in"
•- x

O 34.814" 1 x 0 = 27.01'
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(a) Idler pad flex bility
model-left side

(b) Idler pad 1.i(c) Idler pad
deflectionis far deflections for
horizontal Force vertical force ~4~~

Figure 5.3. Idler Pad Static Flexibilities.
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5.1. In this table, the deflections of the idler free-end to vertical
and horizontal forces are presented for both left and right sides of the
MI13AI idler attach. The left side horizontal and vertical flexibilities
are approximately equal, but are less than the corresponding right side
flexibilities by about a factor of 2: the mounting location of the left
idler spindle is more forward of the plane of hull rear plate than that
of the right side idler, and this forward location appears somewhat stif-
fer to idler forces. Table 5.1 also includes the characteristics of the
equivalent beams used to represent the local deflection characteristics
of the idler attach area. The equivalent beam has different vertical and
horizontal stiffnesses and is inclined at angle 0 (the angle of the prin-
cipal axes of displacement relative to vertical) to produce the cross-
coupling shown in Figures 5.3 (b) and (c). These characteristics are
added to the F-E model in the modal extraction process in the program
STAR.

The STARDYNE procedure consists of stiffness matrix formulation,
eigenvalue/eigenvector determination, and dynamic response analysis, the
first two steps being carried out in the program, STAR and the latter in
DYNRE2. In formulation of the stiffness matrix [K], the stiffness ma-
trices for the individual finite elements are first computed and trans-
formed, as required, in a form relating to a global coordinate system.
Finally, the individual element stiffnesses contributing to each nodal
point are superimposed to obtain the total assemblage stiffness matrix
[K]. The eigenvalues (natural frequencies) w2 and eigenvectors (normal
modes) q of the structural system are found by solving the equation

W2 [m] (q} - [K] tq} = 0

where [m] is the (diagonal) mass matrix: the LANCZOS Modal Extraction
Method was used. DYNRE2 uses these results to calculate the dynamic re-
sponse (T.F.) of the structure for a set of unit sinusoid excitations
applied to a specific node (idler) on the structure. References [5] and
[6] contain theoretical and user information.

Appendix B contains sample input and output data for the initial hull F-E
model for both the STAR and DYNRE2 programs. Sections B and C of
Reference [6] will demonstrate the formats used for the various input and
output data. In summary, Tables B.1 and B.2 contain, respectively, input
and output data for program STAR and Tables B.3 and B.4 contain, respec-
tively, input and output data for program DYNRE2: information in these
tables should be self-explanatory. More general results for the initial
model are described in the following paragraphs.

Table 5.2 presents abbreviated modal extraction data for both antisym-
metric and symmetric centerline boundary conditions with comments con-
cerning the nature of the resonant modes. Mode numbers I to 3 are trans-
lational modes of the undistorted vehicle, while higher modes involve
distortion of the vehicle shape in bending and twisting. Figures 5.4 (a)
to (o) show isometric views of typical vehicle mode shapes: both synme-
tric a(nd antisymmetric examples are included. The annotation in Table
C,.? under the ** columns seeks to suggest the regions of the hull struc-
tur, 1r)sosr, sin(I the maximum kinetic energy. At low frequencies the
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vibration modes involve twisting, dilatation, and bending of the whole
vehicle; as frequency increases, the structural wavelength decreases and
the modal kinetic energy becomes confined to elements of the structure,
in particular the bottom and top plates. This behavior is reflected in
the generalized weight parameter Mr which decreases as mode order in-
creases. The density of hull vibration modes generally tends to increase
with increasing frequency, approaching at 250 Hz the modal density of a
flat plate of area and mass equal to the total area and mass of the bare
hull, viz., about (1.35 modes/Hz, as shown in Figure 5.5. The modal over-
lap, i.e., the ratio of modal bandwidth (=frnr) to separation betweenres-
onant modes, is greater than unity so that a relatively smooth resonant
idler inertance would be expected.

Examination of these mode shapes suggests certain potential modeling de-
ficiencies. For example, in Figures 5.4 (c) and 5.4 (d) the deflection
of the lower rear plate sill is large and out of, character with the near-
by deflection pattern suggesting incorrect stiffness representation in
the sill. In Figure 5.4 (q) substantial bottom plate, lower side plate,
and sponson bending and twisting occurs, and one expects that inaccur-
acies in deflection adjacent to the idler may be generated due to there
being no interior nodes in the sponson and lower sideplate. In Figure
5.4 (J) locally high deflections of the cupola boundary suggest a
lack of boundary stiffness. In Figures 5.4 (1) and 5.4 (o) the
node spacing is barely one-half the structural wavelength: more
interior nodes are probably required for good representation of the
bottom plate and top plate dynamics above 160Hz.

Root-mean-square inertance functions for the vehicle left-side idler for
horizontal and vertical excitations are shown in Figures 5.6 (a) and (b),
where the acceleration is measured in the direction of the applied force.
In this calculation, modes of order greater that 13 were given a loss
factor of 0.040, while lower order modes had a loss factor of 0.1. As
both symmetric and antisymmetric modes have the same phase angle spec-
trum, the sum is found by arithmetic addition. In general, the antisym-
metric modes are computed to make a stronger contribution than the sym-
metri c.

We note that the vertical idler response to horizontal excitation (Figure
5.6 (c)) is much stronger at low frequencies than the horizontal due to
cross coupling induced by the inclined rear plate of the hull. The ver-
tical response to vertical excitation (Figure 5.6 (b)) is much stronger
than for horizontal, reflecting the more direct coupling of vertical
idler forces to resonant and nonresonant hull modes.

Cori mp arisons between measured data and computed inertances are shown in
Fiqupre 5.7. In general, the measured and computed data have quite
similar characteristics for both vertical and horizontal excitations.
For the horizontal direction, fair agreement occurs at low (less than 40
I'/) ind high (qrfater than 14(0 Hz) frequencies, but the computed curve is
dbn it f d10 , less than the measured results at about 80 Hz: it appears
thut sifrnificant errors in the horizontal hull stiffness have been made.
In ,ho. ve rtical direction, however, the computed inertance generally

oI'; fh iow;iirnd Hata, but has thle same fluctu atinq (modal)
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Upqrading the loss factor to conform with measurements will improve the
agreement only slightly for vertical excitaticn, but not effect the hor-
izontal results.

Fiaures 5.8 (a) and (b) present measured and computed acceleration-to-
force transfer functions for a single point on, respectively, the hull
top and bottom plates for both vertical and horizontal excitations at the
idler. For horizontal excitation, the computed top plate response lies
ahout 10 dB above the measured data over most of the frequency range, but
tends to agree reasonably with the measur,-uments above 160 Hz. Similarly,
for vertical excitation the computed top plate response matches the i';ea-
surements fairly well above 100 Hz. In Figure 5.8 (b), fair agreement
exists between measured and computed bottom plate response over most of
the frequency range, except for horizontal excitation at frequencies
above 100 Hz, where the Computed resoonse lies 10 to 15 (I1 above the mea-
sured data. While single point comparisons tend to be poor due to the
spatial variability normally encountered, it appears that the bottom
plate and, to a lesser extent, the top plate, are perhaps insufficiently
stiff so that larger deflections are being produced than occur in prac-
tice. The simple model for the structural loss factor used in these ini-
tialcalclations was a stepped function of frequency, i.e.,:- : n.1ln for
modes of order less than and equal to 12, and ri= 0.n4 for hinoher order
modes.

To refine the dampinu representation, the solid loss factor curve froi.
Figure 4.15, representing the mean of the MI13A1 experimental data, was
then input to DY0RE2 and the various transfer functions recalculated. 'n
this way, for frequencies below about 100 Hz and above 160 Hz, the loss
factors were increase_ , hilt ntherwise were inareinallv decreased, Figure
5.9 provides a comparison of the calculated inertances for, the initial
stepped and the measured loss factor formulations. At most frequencies
the stronq oscillating behavior of the inertance curves has been si'iootned
so that the qeneral similarity between measured and comiputec results for
both directions has been improved. The effect is weaker for horizontal
excitation than for vertical excitation. However, the qeneral In dcl
differences between measured and computed inertances remain.

Figqure 5.10 com1pares the b~ottom plate transfer functions for the initial
stepped and measured loss factor data with the measured data: a aeneral
improve,9ent in the aqreement between measured and calculated results has
been achieved, a!thouqh the strong calculated response peaks at 100 Hz
and 160 Hz are unaffected. The hottom plate appears to he i•.•utfmciently
sti ff. The transfer functions for the top plate at two different nodes
(70 and 1008), using the measured loss factor data, are c.,pared with

the top plate transfer function for node 1009 in Figure 5.11, where the
effect of loss factor changes on the T.F. result for node 1i071C was ex-
pected to he small. Of interest here are (i) the closer aureerient which
f exists at :iost frequencies below 200 Hz, hetween measured ani comnputed
results, and (ii) the considerable variation between the calculated data
at different nodes in the top plate. Node 1009 is located at the free
"edge of the carno hatch, where the predicted mode shapes have somewhat
Sunrealistic deflections, whereas the nodes 70F4 ano 100M are located away
from model and hatch boundaries where relative node displacements are
minrc , cmrdte. S1ace-ave.•raulnn e results, r, b ~tlecSUm ed on.i ,.' . ,e,
is necessary for reliahle evaluation of data!

e4 -- 5



C>

Cc

0L

7 tz

ý -DoC
C14 N kn 1

Ia

(N/ S,"WI a.,gp WHI 601 t : 14.nd '~su JI l(N

78~

o~~C 0

cc

CC

CD C)

C14~~~ $nL 0 o

(N z I/ j a. W I51C ulDn 9sDI HnH

4 -26-

Mii



CD 0 :
C14 LO 0

(N, / j jq
_IJH 0 1 :O4u d lju i i)

z

C.

0C

C;

zL

Lr)n
I~ U

U ;- Coc

-37--



'LI : s-.. oo. -
-01

roo r_

Q 3 0

-n m

0* 'C3 -

~~0o

A. 4-3
1~.*' I !J

0 . I
1. 1) III qp L.)I 0 0 SuojuO



30Y

-- -Calcula Stoppd s

S. ... M easur ed D ata -

~-60
Js-IB

'--70 --- - j0 200 400

Frequenc:y (Ha)

SFigure 5.10. Effect of Loss Factor Changes on Calculated Bottom Plate
Transfer Function (Node 1001) for Vertical Idler Force.

tU

2 AO - Os

uI t Node 1009: Stopped

"" .o,- Node 7M. Meurer

SJ Measured Data

g.60

-70 1 ,

0 200 400
Frequency (Hz)

Figure 5.11. Top Plate Transfer Functions for Vertical Idler Force.

_89-



Modal extractions and transfer functions for the riqht-side idler were
computed using the beam equivalent to the right-si de idler deflection
characteristics from Table 5.1. Results, identical to those already com-
puted for the left-side idler (five significant figures), were calcula-
ted. In evaluation of the data it became apparent that the structural
members controlling the overall stiffness characteristics of the idler
inertance were located adjacent to the idler attach area, rather than the
idler and the local structure themselves. For example, the flexibility
of the box beam is much greater than that of both the idler beam itself
and the combined idler and local attachment area, so that, to first ap-
proximation, the idler and attachment area rotate and deflect as a solid
body against the restraint provided by the attached hull members, com-
prised of torsion box beam, bottom, side, and rear plates. Examination
of the mode shapes reveals that little relative distortion of the box
beam is predicted to occur between nodes 1002 and 1202, as shown in Fig-ures 5.12(a) and (b) for two antisymmetric modes (85 Hz and 199 Hz). For

example, the slope of the vertical displacement curve (X3) and the rota-
tion of the box beam about its axis (0) adjacent to the idler location
(node 1202) are essentially constant between nodes 100? and 1202. Since
the idler and attachment area are more stiff than the connected structure
by a factor of at least Io, chanqes in local stiffness by factors of
two, as occur between left and right idler, will produce no significant
changes in overall stiffness, mode shapes, or hull transfer functions, in
accordance with the calculated results. Using tnis initial model, it
appears that the hull stiffness, rather than the stiffness of the idler
attach area, controls the hull power flow so that even large stiffness
changes local to the (already very stiff) idler will have little impact
on the hull vibration response.

Comparison of resonance frequency predictions with the limited experimen-
tal data available suggested that the geometry of hull had been represen-
ted sufficiently well. Errors in inertance magnitude were therefore pro-
posed to result from inadequacies in modeling the stiffness characteris-
tics of hull, including the area local to the idler attach. These tend to
control the local mode shapes, i.(., the parameter p r('F). Therefore,
detailed revision of the modeling processes was conducted for the
stiffness contributions of the idler spindleý and pad, box beam, and rear
plate ramp sill. A minor error in the torsion constant of the box beam
and the omission of the horizontal beam representing the lower rear plate
were discovered. It was also considered that the support on wooden
cribbing during inertance experiments may have strongly influenced the
local mode shapes, but futher computations (modal extraction and transfer
function for antisymmetric modes) showed that the hull support condition
was of second order importance, resultinq in only minor changes in low-
frequency resonance frequencies, mode shapes ý r(;F), and transfer
functions.

5.4.2 Revised Hul Dynamic Model

While the initial finite-element model of the M113 hull produced values
OT natura; frequency which were in good agreement with experimental
values, the vibration response levels were noticeably different. Re-
sponse to vertical excitation was in excess of measured values, both at
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Jhg dcijinq p~iq Ind ithe migr panels Respoyse at the drivinq Dointth idner qpOlne to norztnhaj xcitation wa ess than hat measured. _

Investigation of the problem included revision of the values of loss fac-
tor used and modification of the method of support. The results have
suggested that second-order details in structural modeling were the most
likely cause.

The model has therefore been made somewhat more aetailed to represent
those structural effects which provide local stiffness, introduce -

boundary effects, or provide interpanel couplinq. As an example, the
geometry of the driver's hatch and cupola was refined, and the flexural
stiffness of the hatch rims were added. Also, the element detail was
refined in the region of the idler to better accomodate the load paths
resulting from idler excitation. An additional measure of the effects of
changing idler location can be performed with this model, and better
panel-averaged deflections can be computed. The effect of the lower side
plate is now better represented, and possibly significant geometric
details in the location of floor supports and in rear panel size have
been re'ised. The model revision has required additional nodes, which
with extension of the frequency range of interest, has caused the
solution cost to roughly double.

The revised modeling array of nodes and plate elements is shown in Figure
5.13(a), in isometric view, and in Fiqure 5.13(b) in a single
projection where all the elements and nodes are connected as modeled.
As already noted, more detailed representations for the top and bottom
plates have been made, including adding in the driver's hatch, refining
the cupola, and upgrading the interpanel coupling characteristics of
the stiffening members at the top of the rear plate and at the ramp
sill. Plate elements have been used more extensively in the rear panel.
Idler "equivalent beams" have been located at four positions (nodes 103
and 203, and 104 and 204) representing the oeometric location of the
left and right idlers on the M1I3AI and AIFV vehicles, respectively. fhe
stiffness of the floor plate Supports has been increased from the initial
incorrect and low values, and the longitudinal centerline floor plate
support has now been included. The geometric location of these supports
is now more accurate. More definition in the lower side plite has been
included.

The local flexibility characteristics of the idler attach area was the
same as used in the initial model, but the different idler characteris-
tics are now located at different nodes to correspond to different idler
configurations.

Modal extractions and dynamic response (T.F.) calculations for the re-
vised hull model were performed as before, except for two loading condi-
tions corresponding to sets of unit sinusoidal excitations applied at
nodes 1 and 4 (the most extreme idler positions). Appendix C containe
sample input and output data for this revised model for both the STAR and
DYNRE2 programs. In summary, Tables C.1 and C.2 contain, respectively,
input and data for prigrams SIAR, and labies C.3 and C.4 contdin, fespec-
tively, input and output data for program DYNRE2. General results are
described below.
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Table 5.3 presents abbreviated modal extraction data for both antisym-
metric and symmetric centerline boundary conditions. Comparison of data
in Table 5.3 with data from the initial hull model (Table 5.2) reveals
that the distribution of resonance frequencies has remained much the same
as for the initial model. However, the frequencies of the lowest order
symmetric and antisymmetric modes have been increased by 50% and 100%,
respectively, by correcting the bottom plate stiffness modeling; the
modes associated with flexure of the rear sill have been eliminated by
upgrading the representation for the rear hull plate. About 70 hull
modes exist below 300 Hz.

Figures 5.14 (a) to (k) show isometric views of typical vehicle mode
shapes, with symmetric and antisymmetric examples included. These shapes
are, in general, very similar to those computed with the initial model,
but are more precise and realistic due to the greater density of nodes in
bottom, top, and lower side plates, and to the refined representation by
plate elements of the rear hull plate. For example, Fiq•,• 5.14 (h) and
(i) demonstrate the stronq deformations occuring in tte hull rear plate,
which influence the power flow from idler to top plate. Figure 5.14 (k)
shows how, even at frequencies as low as 300 Hz, the floor motion is re-
strained by the spanwise stiffeners, and suhpanels tend to vibrate as
individual elements.

Comparison of measured and computed inertances for the idler attach loca-
tion on the left-side of the M113A1 is presented in Figure 5.15. The
measured loss factor data from Figure 4.15 is used in the calculations.
The agreement for vertical idler force is close, particularly at frequen-
cies above 100 Hz, and much improved in comparison with the calculated
results from the initial hull model. In general, the calculated
inertance exceeds the measured data by about 3 dB. The calculated
horizontal inertance is about 10 dB below the measured data over the
whole frequency range. The horizontal stiffness of the hull has been
overestimated even in the revised hull model with its improved hull
definition in the idler attach area. However, since the vertical
inertance is higher than the horizontal, and is closely predicted,
further refinement of the representation for the idler attach area is not
warranted at this stage. Further comparisons will be limited to vertical
idler forces.

The calculated responses of the hull top plate at nodes 313 and 813 for
vertical force input at the left-side idler is presented in Figure 5.16
together with the measured response near node 312. Considerable varia-
bility in response is predicted over the surface of the top plate; the
computed variation between the two nodes at a particular frequency is
generally about 7*dB. The measured data is quite similar to the calcu-
lated response of node 813. It is clear that space- and frequency-
a'veraging of both measured and calculated. transfer functions would make
comparisons more valid. Similar comparisons with measured data for other
hull surfaces have not been carried out on this basis but are left until
suitable space-averaging software is available to automate the reduction
of modal extraction data following the methods suggested in Section 5.?.
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The effect of different idlers and their location on idl-r inertances are
-shown in Figures 5.17(a) and (b) for horizontal and vertical force in-
puts, respectively. In these, different idler representations corre-
sponding to left- and right-side idlers on both M113 and AIFV vehicles,
as summarized in Table 5.4, have been incorporated into the hull model. 4Forces were applied to each idler in turn.

Table 5.4 EQUIVALENT BEAM PROPERTIES (5-inch idler spindle)

Idler Ix Iz Equivalent Beam 1
inj' (in" (degrees) Node Location

M113Ai-Left

Side 22.52 31.6 34.R4 103

M113AI-Right

Side 20.58 11.12 27.01 203

AIFV-Left Side 21.11 35.77 27.46 104

AIFV-Riqht Side 23.42 13.14 32.04 2n4

The drive positions corresponding to the M113AI idlers are 10 and 20 for
left and right-sides respectively, while, for AIFV idlers, they are 30
and 40, respectively. R.M.S. inertance magnitudes (in g's/lb) are shown
in Figures 5.17(a) and (b). In Figure 5.17(a) the horizontal ltcation
of the idler makes little difference to the horizontal inertance magni-
tude, hut the upper location is calculated to have lower horizontal
inertance; the difference being about 5 dB over the frequency range 125
to 250 Hz. These differences result from the locations of the idler
equivalent beams at their 'correct' hull positions rather than from
differences in idler properties (Table 5.4). In contrast to the hori-
zontal inertance data, little significant difference in vertical inert-
ances exists between the different idler locations, as seen in Figure
5.17(b). Fiqure 5.13 shows the calculated effect of idler characteris-
tics, stiffness, and location on the toP plate transfer function at node
313 for a vertical force input. No significant changes in transfer
function are produced by varying the idler characteristics.

5.4.3 Frequency and Space-Averaqed Calculations

The approach outlined in Section 5.2 may he used to calculate frequency-
and space-averaged hull response-to-force and interior noise-to-force
transfer functions. Several examples are now presented to demonstrate
the nature of the predicted results.

Consider first the idler inertance. On frequency-averaqinq the inertance
functions, (equation A.lla in Appendix A) and neglecting the cross-terms
(i.e. r # s) in the equation following (A.lla), we find approximations to
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Figure 5.17(b) The Effect of Different Idlers and Their Locations on
-Vertical Idler Inertance Functions.

-102-



-30 ______________________________________________

z

* -40 -

VI

c ~Idler Location

LL -6 10
--- ~-20

2 ......... 30
I- -. * - 40

Froquency (Hz)

Figure 5.1S3 Effect of Idler Location on Top Plate Response-: Vertical Excitation.j

4

4



the idler inertance in terms of the vibration mode shapes at the idler,
-the modal masses and loss factors. The contributions due to nonresonant

modes (i.e., -.odes with resonance frequencies outside the analyses har,i-
width ,', both stiffness-controlled (w u>'L) arid mass-controllOed (,r'.') )
can he distinguished from that duerto resonant modes (whose resonace
frequencies lie in the analysis hand (w'rcA,.)).

r
A typical set of results is shown in Figure 5.1Q, -.here the contributions
.of the nonresonant and resonant modes to the vertical idler inertance
for idler i0 (left side 11I3Al) are compared with the total idler inert-
anCe, conputed on a frequency-averaqed basis. It is clear that, in oen-

eral, resonant modes control the vertical idler inertance; only at "f) i! 7
and 160 Hz, and below 31.5 Hz, do nonresonant nodes influence the idler A]I-
inertance siqnificantly. Comparison with the narrow-band vertical inert- I
ance function as in ciqure 5.15, shows that close aqreenient exists he-
tween the two analytical results: the band-averaged data is ;,iore usetul'•
because the role of resonant mnodes is clearly identified.

The space- and frequency-averaqed response transfer functions for the
hull top plate, derived fror, equation (A.12) for resonant contrihutions,
and trom si -ilar expressions for nonresonant modes, are prespnt;d! ii
Fiqure 5.20. Aqain the vibration response in resonant Nodes controls thet
vithration level of the tot) plate. Comparison with the narrow-band calc-q
lated result from DYNRE 2 shown in Fiqure 5.16 shows aQrvement to h.
close.

Values of the parameter describing the contributiun of panel elements tc ,
the hull vibrational enerqy (equation A.14) total nodal masses Mr, a
presented in Table 5.4 for several modes. As the normalized riass para.;-:
eter approaches unity for any element, the energy of vibration hecories z
concentrated in that element. For example, for the antisymmetric -modIo
resonant at 66.9 Hz, (see Fiqure 5.14(d)) the top plate contributes d, .
of the modal generalized mass, while for the symmetric modes at 55Q0 Hz
(Figure 5.14(c)) and at 296.0 Hz (Figure 5.14(k)), the major contriho-
tions to the modal qeneralized mass are provided by the vehicle sides and
sporson (82?,,) and the bottom (at least 771ý), respectively. we note how-
ever, that for frequencies well above 10n Hz the norialized qenerilize,'
masses of the top, bottom, and upper side plates tend to he about the
same, suqqestinq the vibrational energy will be uniformly distributo-
over these similar structural surfaces.

The interior noise-to-idler force transfer function for each strLuctural
element can be derived as

.<p?> A c3  <a. A >

U Vni

where, in frequency band .<p2 > is the space-averaqe mean square inter-
I ior acoustic pressure, F2  is the mean-square idler force and <a•,A) is

t::e s qa-3guare accelerat 'iu uf elemental area A. v,oc and rli are the
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vol kdpe, characteristic. impedance and acoustic loss factor of the hull
interior spacc, and u is the radiation ratio of area A. The transfer
f.Anction hoeteen surtace response and idler force <.. ,A/F is cal cu-
lated with equation (A.12), for example, as shown in ilure 5.20. From r

l., v.l u< (- o A and d the noi se-t'-force transfer functions
for eaach of the major radiating elements can be caiculatedl, and then
su',."d to qi ve the overall measured noise-to-fo,'ce tr nsfe' finct ion. A
ty pi c,i exa:uple i:; presented in FiQure 5.21 where predicted and measured
on s-to-force transfer functions for vertical excitation of idler 10
(left-side M,13) are compared. The agreerient is quite satisfictory
altimngh a 3 dR overprediction has resulted,

TA•LE. 5.53

.,UW'•AL'Z1D GENERALIZED M.IIASS OF STIUCTURAL ELEM•[TS

Pe ;w•,•aine Structural Elemient
I-e ,r,,ry '.pper Lower Rear *

(Lh1) TnD Side Side Sponson Bottom Plate Total

..0, .,1.1 .i14 .024 .213 . 1).

..!l .2o5 .252 .2. .. 569,

(h1.t .n' 1 .,36 .022 .035 *2?3 .Q09

J 3..) .q5E2 .069 .026 .401 019 .2412

134.Q 4;2 .[3 .00 .005 .003 W003 1.nno

176.1 .233 .10i .1014 .009 .?63 .011 .634

2 . ."53 .062 ?o)4 . 1. I

25..o .0 0 044 o73 .031 .143 .983

0. •)40 .0 ;- .015 .91 0 .765 . (' .

* ]n ovi ijat inq the vehicIe (ieneral ized . nasses the mnc1i ned sections -

the vehiclo nose have been omitted from present calculations for si -
p1 icity. W1,en the 'total' normalized qeneralized mass is less than
S.0, si in(fI car't vibrational energy occurs in this area of the vehicle.
z, Sichk hJl 1 vitbrations are scrt'ened by the engine cover aLJ ,] not rai-
ate if,.to) the inpterior space.

ikhile I t, s presentation ot !and-averaqed results is onl v prel iliinar , it
(ai )ears that the approach is valid. The procedure qives results oirectlv

- .. 1Sefu' in teip nredi :ti or of ror:hicml ly measured qant i ties ot oan.d- and
"s pace-a veraued trans fem funrction. The savi nqs iin data aral ys s marinpower
1! A 1 cpltoittinq (imsts usinqg this approach are at least in order of maqni-
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'4 -1-i6

I AI I I il.l l-i . . . . . . .. . . --. .- =



-~ -30

Cl)

4A,

-70 -I 
-

.s16 31.5 63 125 250 500 1000

Octave Band Center Frequency in Hz

P~gue 520 Con~tributionl of Resonant and Nonresoflaft Modes to

fiur 5,: Top Plate Response for Vertical Excitationl of Idler(1)



A

70

50

L=--

Co

0

o: 50 ..

'-,

-o .svW

I 0 -- Right Hand Side

o - Left Hand Side
z

- Predicted

30 - I i I I
16 31.5 63 125 250 500 1000 2000

Octave Bond Center Frequency in Hz

i

Figure 5.21 Comparison of Measured and Predicted Noise-to-Force Transfer
Function for Vertical Excitation of Idler Spindle on M1t13Al.

108 -

Ii



5.5 Discussion and Recommendations

The main results of this development phase of the hull modeling study are
summarized below.

1. An analytical model for the M113A1 armered personnel carrier has been
constructed using the finite-element method. This model has been
sufficiently detailed to allow reasonable predictions of mode shapes
and resonance frequencies up to frequencies of about 300 Hz. Exten-
sion above 400 Hz using the current nodal arrangement is not recom-
mended.

2. The idler has been represented by a beam of stiffness equivalent to
the local hull stiffness at the idler attach position as determined
from a separaLe static analysis. This approach seems to give con-
sistent results and alternative modeling procedures would be extreme-
ly expensive.

3. Good predictions of the measured vertical idler inertance function
have been made with the developed model, but the measured horizontal
inertance function is underpredicted by about 10 dR. The reasons for
this latter difference are unresolved, but it is felt that the dif-
ferences do not result from the representations of the floor, box
beam or idler. While some effort could be expended to resolve this,
it is felt that the model should be used in its present form, since
the required output fron further stages of the model study will be
changes in transfer function rather than the absolute value and it is
felt that these changes will be accurately calculated.

4. The predicted effects of changes in the local stiffness of the idler,
corresponding to left and right idlers on the M113 and AIFV vehicles,
on the idler inertance suggest that changes in idler stiffness up to
a factor of 10 will produce no significant changes in hull power flow
or interior noise levels.

5. The frequency and space-averaging approach in interpreting the modal
output from the finite element analysis is consistent with the con-
ventional approach of using narrow band transfer function data. How-
ever, the averaging procedures developed are much more efficient and
provide results directly useful and more related to the physics of
the problem. While narrow-band information is useful, particularly
measured modal data, in the present example only the frequency- and
space-averaged results can be handled practically in the prediction
process.

6. Using these averaging procedures, close prediction has been made of
the measured noise-to-force transfer function for vertical excitation
of the left-side idler of the M113 vehicle. The najor contributors
to the interior noise levels are predicted to re the top, upper side
and hottom hull plates.
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The following recommendations are made:

1. Further effort should be directed to finish the analysis of the
noise-to-force transfer functions using the space- and frequency-
averaging procedures developed. This should include complete
automation of the space- and frequency-averaging procedures, for
calculation of both hull response-to-force and noise-to-force
transfer functions.

2. A model of the AIFV hull should be developed using similar principles
to those followed for the M113AI. Calculations should then be made
of the noise-to-force transfer function. Computed differences be-
tween AIFV and M113 results should be compared with measured differ-
ences as the final test of the modeling philosophies.

3. A limited experimental modal analysis of the M113 hull should be
conducted as modeled to provide additional measured data with which
to compare baseline predicted results.

6. PROTOTYPE CnMPLIANT IDLER WHEEL DEVELOPMENT

6.1 Background

Earlier work has shown that an idler wheel would qenerate less interior
noise if the wheel rim compliance were increased, that is, if the wheel
had a "sprinq-like" rim, such as could he f:lade with rubber or steel
springs [2,18]. In a 1977 report of that work, an estimation was made
of the noise reduction potential of compliant idler rims and hubs [16].
In subsequent work, an experimental idler wheel was designed and fabri-
cated to validate the compliance concept and to optimize parameters. The
description of this development is contained in Reference [17]; the
acoustic testing was conducted in the current phase of work and is
reported in Section 6.2.2 of this report.

Guided by the results of the experimental idler discussed above, a proto-
type idler was designed, fabricated, and tested. Compared to the experi-
mental idler, the prototype was intpnded to be more practical and closer
to a production design. The prototype demonstrated that the concepts
previously developed could be utilized in a practical piece of hardware
suitable for tracked vehicles. This prototype idler wheel is described
in Section 6.3.

6.2 Experimental Idler Wheel

6.2.1 Conceptual Approach

The experimental idler served as a design tool to address specific areas
of concern in the use of compliance for idler applications. These areas
included the following considerations:

1. Magnitude of compliance needed for noise reduction (verification of
estimates)
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2. importance of compliance in the tanqential and axial directions, as

compared with the radial direction

3. Selection of compliant material

4. Investiqation of heat buildup problems due to hysteresis in the com-
pliant material

5. Importance of the registration of track blocks with compliant ele-

'nents

6• Assessment of the effect on exterior noise

7. Importance of "guide scrub" on interior noise

,. Estiiate of durahility

Itelnms 3 an.l 4 are addressed extensively in Reference [17] anti will not
he disussed here.

A 'iia(irai of tne experimental idler wheel appears in Figure 6.1, and
photoqraphs of the wheel mounted to the idler test Stafid are shown in
Figures 6.? and 6.3. This idler half consists of eleven sorinq-mounted
"paddles" that support the track. During experimentation, the various
sprinq rates and the shapes of the surfaces that hear aqainst the track
were varied. Nooise, vibration, and temperature were then monitored.

This expfrilnental idler is necessarily complex in design to permit
changes tc he 'nade easily for experimental evaluation. This desirable
feature necessitated the holted-toqether design.

The ex neri iental idler was designed to have a radial spring rate vari-
, 1 ole fror, approxiqately ,n0OO to ?O,000 lh/in (per paddle) through a
choice of c-n:mpliant element dimensions and materials. Initially, the
radi,fl sprinn rate was set at a calculated value of 4,000 lb/in for each
paddle. The noise reduction was documented at this compliance, using
the flat paddl ends rather than the traisPd paddle caps visible in
Fi ,ure 6.3. 1
A riore comnletp description of the experimental idler design rationale -

is contained in Reference [17].

6.?.? Test Results

6.2.2.1 Compliance

Load-deflection tests were conducted to determine the actual values of
radial and axial compliance in the experimental idler paddles. Values
-per piaddle rf 4,040 lb/in for radial spring rate and 6,568 lb/in for ax-
ial sprinq rate were ohtained [4]. These are in close agreement with
oesim prill f0.1cti ors.
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6.2.2.2 Interior Noise Reduction of the Experimental Idler Wheel

Figure 6.4 shows the crew area A-weighted noise levels of the standard
and experimental compliant idlers as a function of speed. A-weighted
noise reductions of between 7 and 12 dB were achieved. The tests were
conducted on the FMC test stand so there was no noise input from the
-sprocket or roadwheels. This stand is described in Reference [17].

Octave hand spectra of crew area noise are compared in Fiqure 6.5. In
this figure, the upper curve is the standard idler tested at a track
tension of 2,500 lh, which is typical of vehicles in operation. Com-
pared to the standard idler, the octave hand noise reductions are as
much as 13 dB.

For the entire vehicle to comply with MIL-STD-1474 Category B, also
shown in Fiqure 6.5, tie expeerimental idler would require siqnificant
additional noise reduction. This assumes that the combined noise of the
two sprockets, two idlers, and ten roauwheels has the same spectrum
shape as the experimental idler wheel, but at a level 7dR higher. While
this qualification probably will not be exactly met, it is a necessary
assumption due to the unknown spectra of other prototype quieted
suspension components that are not yet built. These additional reduc-
tions are as follows: For the crew area, 3 dR at 125 Hz: P dB at 250
Hz; and I d3 at S00 Hz. For the driver's position, rouqhly 5 dB of
additional noise reduction would be required, based on comparisons of
idler noise spectra in the cre, and driver locations [16].

In Reference [16], a simple estimation procedure, based on theory only,
suqqests "that interior noise will he reduced by about 4 dB(AV per halv-
ing of [idler wheel] rim stiffness." For the experimental idler, the
stiffness has been halved almost four times, for a prediction of ahout

15 dB of A-weiqhted noise reduction. The observed noise reduction was 9
to 1? dB, with the most reduction conino at the hiqhest soeed tested (30
moh). Therefore, the reduction achieved is about 2.5 to 3 dB per halv-
ing of rim stiffness.

This estimaate does not predict enouqh noise reduction to meet the qoal
for any teasonable rim stiffness. Therefore, to meet the Category
noise level in the crew area, the prototype idler must depend on a com-
pliant huh, which is a more powerful noise reduction technique for a
given total compliance.

6.2.2.3 Exterior Noise Reduction of the Experimental Idler Wheel

The exterior signature of the idler consists of two components: noise
emitted due to hull vihration, and noise emitted directly from the idler
and track. Noise due to hull vibration has a spectrum shape similar to
interior noise, while the suspension-radiated idler noise may include
squeaks, a clattering sound, or a rubbinq sound caused by metal-to-metal
contact.
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Exterior noise measuiremients were made on the standard (baseline) idler
and on the experimental idler wheel. Because of test stand noise, the
experimental idler data are inconclusive and are not presented here.
Listening tests made while taking baseline data at 10, 20 and 30 mph
revealed that the hull-radiated signature is most intense at and below
125 Hz and that sprocket clatter is audible at and above 1000 Hz. How-
ever, test stand suspension noise may be significant below 125 Hz and
near 8 KHz. The data in Figure 6.6 show that the baseline idler signa-
ture level becomes roughly 5 dB more intense when the track speed is
increased from 10 to 20 mph, and increases another 4 dB for a furth:r
speed increase to 30 mph.

Also plotted in Figure 6.6 are standard and specially quieted M113AI ex-
haust noise spectra. Comparison of these spectra shows that, with the
accelerator pedal fully depressed, the standard vehicle exhaust noise
would probably be detected more easily than idler noise at 10 and 20
mph, but exhaust noise and track noise could be roughly equally detect-
able at 30 mph, depending on whether background noise and other condi-
tions allowed the 125 Hz idler noise to be more audible than the higher
frequency exhaust noise. For TARADCO's low-signature 4113A0 with a
specially quieted exhaust, the standard idler noise would be more read-
ily detectable at 20 and 30 mph even with the accelerator fully de-
pressed. Thus, reducing idler noise would result in a reduction in the
vehicle's distance to detection at the higher speeds, provided the
exhaust noise is also reduced.

6.2.2.4 Durability of the Experimental Idler Wheel

Durability of the compliant elements, including heat buildup and fa-
tigue testing, is discussed in References [9] and [16]. Durability on
the test stand was very good, based upon approximately 220 miles of sim-
ulated operation and over ,two years of existence, most of that time
mounted under tension to the test stand.

After about one year, the compliant elements were cut down in size and
drilled to provide more axial and tangential compliance. During this
operation, it was discovered that several of the bonds had begun to sep-
arate, with one separation occurring through about 25% of the bonded
surface. The separations were a result of rubber extending beyond the
edge of the mating steel surface to which it was bonded. This caused a
large stress concentration. Most of the failures were entirely within
the rubber material itself, although one failure involved actual separ-
ation of the adhesive from the steel surface. Failures were found only
at points of major stress concentration.

For ease of manufacture, the main body of the idler was constructed of
aluminum. Because the track strand on the test stand did not run "true"
over the experimental idler, considerable wear occurred on the paddle
surfaces, and where track guides contacted the inner idler disc. Part
of the misalignment problem was due to the fact that a single wheel con-
figuration was tested in a dual wheel application. Steel material
would he used on production components and would greatly reduce these
wear pronlems.
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6.2.3 Further investigations with the Experimental Idler Wheel

6.2.3.1 Sources of Rapid Noise Level Variations

A test series was run on the experimental compliant idler wheel to de-
termine any potential noise control benefits of indexing the track to
the idler or sprocket, that is, by controlling the position of contact
between the track shoe arid a properly shaped noncircular wheel. These
tests were inspired by the observatior that track interior noise varies
several decibels but with no obvious periodicity.

The purpose of the test was only to identify sources of noise level
variations, but not to quantify each of them. A quantified analysis
would have required the added expense of designing and constructing
special electronic circuitry.

The data recordinq and analysis were done as follows. First, interior
and exterior noise were simultaneously recorded. Then, two types of
data analysis were conducted. In the first, the synchronized exterior
and interior noise data were plotted, using a Bruel & Kjaer 2305 graphic
level recorder (set to a paper speed of 10 mm/s and a writing speed of
100 ram/s). To synchronize the interior and exterior channels, hammer
blows and a qain change were recorded simultaneously on both channels.
The exterior noise channel recorded the relative positions of the track
an(d idler paddles by a definite metal -on-metal clatter which occured
only when the idler paddles contacted the bushing bosses of the tracks.
The relative interior noise level changes were then identified by coni-
paring the appropriate interior and exterior time histories. This com-
parison revealed the relative track-idler phasing which caused minimum
and maximum interior noise levels.

The second type of analysis was to plot narrow band spectra of the
D.C. level of octave-band-filtered interior noise, to reveal any cy-
clical nature in the normal fluctuations of interior noise. This was
accomplished by setting a GenRad Model 1933 sound level meter to the
appropriate octave band, and then taking the spectrum of the dc output
using a Hewlett-Packard Model 5420 digital signal analyzer and
plotter system. Because this dc signal is logarithmic, and the meter
risetime may differ from the decay rate, the results are nonlinear
and are not easily interpreted quantitatively.

All data discussed below were taken with the rounded idler caps
shimmed to slightly increase their diameter. This caused the indexing
between the track and idler to shift about every 1.5 seconds at 30
mph.

Lookinq at the sound level time histories, such as the samples shown
in Figure 6.7 and 6.2, the following observations and conclusions were
reachedI
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6.2.3.1.1 2000 Hz Octave Band Exterior Noise

The 2000 1Iz octave-band exterior sound level time history plot Figure
6.7, shows a peak that corresponds to each ,hift of the track with
respect to the idler wheel. These peaks are caused by periods of
metal-on-metal impacts when the aluminum idler paddles strike the
steel bushing bosses of the track shoes. During the moments of lower
2000 11z noise, the idler paddle contact is against the rubber inner
track pad.

The following paragraphs discuss the interior noise level variations

in the most important octave hands:

6.2.3.1.2 1000 Hz Octave Band Interior Noise

At lower speeds, 10-20 mph. the exterior metal-on-metal impacts co-
incide with the interior noise peaks. However at 30 mph, the pattern
is barely evident. Therefore, to minimize noise in this octave band,
cushioning rather than indexing will be more reliable in reducing
interior noise.

6.2.3.1.3 500 H1z Octave Band Interiom Noise

At very low speeds, the sharp metal -on-metal impacts correspond to
slight interior noise level peaks. No clear pattern is evident at
higher speeds, and no definite conclusions are justified regarding the
effectiveness of indexing for reducing interior noise.

. 2.3.1.4 250 Hz Octave Band Interior Noise

The sharp metallic impacts predominately correspond to interior noise
peaks. However, a signi ficant number of impacts correspond to minimd
of interior noise, especially at 30 mph, as shown on Figure 6.P. At
30 mph, the interior peaks occurred slilhtly more often than the ex-
terior peaks. "(qain. no definite conclusions ir(e .lustified.

6.2.3.1.5 63 Hz and 125 Hz Octave Interior Noise

At low speed, no clear pattern is evident, although a number of inter-
ior noise peaks correspond to the metallic impacts. At 30 mph, two
interior noise peaks occur per 2000 01iz exterior peak, and every other
one of these peaks corresponds to the metallic impacts. This obser-
vation suggests that the greatest amount of impact energy is converted
to hLIll vibration when the track is contacted at the center of the
shoes or at the pins. It follows that the least low frequency noise
would be expected for contact at roughly the 1/4 and 3/4 locations
between the pins. Clearly, indexing is a potentially useful means of
reducing noise in these octave bands.
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6.2.3.1.6 Summary of Interior Noise Level Variation

- -- In the noise level time histories discussed, the A-weighted and octave
band interior noise levels varied by the amounts tabulated below:

TABLE 6.1 VARIATIONS OF INTERIOR SOUND LEVELS
A-

Frequency 63 125 250 500 1000 2000 Weighted
Band (Hz)

Sound Level +5.5 +4 +4 +1.5 +4 +2 +2.5 S
Variations (dB)

Other than at 500 and 200t) Hz, indexinq appears to hdve a marked ef-

-fect on interior noise levels.

To summarize these observations:

1. At the higher frequencies, the interior noise peaks occur when the
[ metallic noise peaks occur. This suqqects that the high frequency

vibration is simply transmitted into the hull.

2. At the lowest frequencies, there is no simple correlation between

noise maxima and the amount of cushioninq between the track and
the idler paddles. Instead, the least noise occurs when the
track impacts the idler at the 1/4 and 3/4 location on each shoe,
which is an area of intermediate cushioning. Therefore, in-
dexinq is ootentially more effective than cushioninQ for reducinq
low frequency noise.

3. At intermediate frequencies (250 and 500 Hz), both indexinq and
cushioning are probably moderately effective.

4. In the sprocket desiqn,adjustinq the position of the cushion
relative to the sprocket teeth is a potentially useful tech-
nique for -achieving up to 4 dR of A-weiqhted noise reduction. An
estimate of 2 dB is more realistic.

6.2.3.1.7 Sources of Interior Noise Level Variations

Even casual observation reveals that the idler exterior and interior
noise levels vary as the idler wheel goes in and out of phase with the
track shoes. In addition to the indexing between the idler paddles
and the track, there are apparently other sources of modulation.
Because of the irreqular pattern of indexing and interior noise, no
one periodic phenomenon can account for all the previously discussed
noise level variations. One night intuitively expect, therefore, that
interior noise is also modulated by the revolution of the entire
track, idler wheel rotation, and the low frequency oscillations
bouncing) of the upper track strand, and possibly other drive

*1 motor-related cycles.
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Because the intericr noise is amplitude modulated, AM signal theory
Might apply, and the detected interior noise would therefore contain
the mentioned fundamental rotational frequencies and their harmonics,
as well as assorted sum and difference frequencies of each fundamental
and its harmonics. This is indeed the case, as is discussed next.

The various frequencies of spectral peaks of the sound level meter dc.
output include those listed below, at 30 mph. An example of a corre-
sponding spectrum appears in Figure 6.9.

TABLE 6.2 CALCULATED INTERIOR NOISE MODULATION FREQUENCIES

Modulation Source Fundamental 1st Harmonic 2nd Harmonic

Track Rotatior (T) 1.371 Hz* 2.742 Hz* 4.1136 Hz

Idler Whee& Rotation (I) 8.107 * 16.214 ** 24.32 **

Unproven (Ui) 0.99 1.98 * 2.96

T + U 2.36 * 4.72 7.08

S- UJ 7.12 * 14.2 ** 21.4 **

I T 6.74 * 13.48 ** 20.2 **

- 2T 5.37 * 10.7 16.1 **

I - 3T 4.00 * 8.00 12.00

I - 4T 2.63 * 5.26 7.89

I - 5T 1.26 * 2.52 3.78

Codes: * Spectral peak observed
•* Not analyzed

No Mark N;ot clearly observed

On most plots, the track dnd idler rotation (designated T and I, re-
spectively, in Table 6.2) are evident. A peak at 0.99 Hz, possibly
corresponding to a track strand resonance, is also apparent. A series
of hiqher frequency period peaks begins at the idler rotation frequen-
cy and at each track multiple below this peak. Because of the approx-
iinately one percent uncertainty in spectral peak location, identifica-
tion of the lower difference frequencies is uncertain in this brief
analysis. Numerous iminor peaks are also apparent; these may corre-
spond to other sum, difference and multiple frequencies.

The qualitative data analysis suqqests that nonuniformities in the
track and idler wheel are the primary sources of altering the rate of
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indexing, which in turn affects interior noise level. It also demon-
strates that the variation is not random, but instead is strongly
linked to many regular periodic events - perhaps even the impact of
particular track shoes against particular idler paddles.

It was observed that the track wandered from side to side. At times,
this motion appeared to correlate with the idler-track indexing
changes, but no definite conclusions could he reached regarding this
observation.

6.2.3.2 Shape of Experimental Idler Paddle Contact Surfaces

The experimental idler wheel was tested with both rounded and flat
paddle surfaces contacting the track. The rounded paddle caps, simi-
lar to those visible in Figure 6.3, tended. to contact the track at the
pins. With the rounded caps removed, the exposed flat surfaces tended
to contact the inner track pad rubber on the track shoes.

Figure 6. 10 shows the increased noise level due to fir,-i metallic im-
pacts between the idler rounded paddles and track shoe steel forgings.
While the metallic impacts caused no differences in the 250 Hz octave
band, all higher octaves show a noise level increase, with the largest
at 6 dB in the 8 kliz octave band. The A-weighted sound level was also
slightly increased. For exterior noise, the ,:ietal-on-'uetal impacts
are very objectionable and should he ivoided in the prototype idler
design.

6.2.2.3 Fffects of Combined Axial and Radial Compliance Changes

As discussed in Section 6.2.2.4, the experimental idler was nodifiud
to increase axial and tangential compliance. Radial compliance re-
duced correspondingly. It was oostulated that the axial idler vibra-
tion might be a major contributor to experimental idler interior
noise. Consequently, tests were designed and executed with the re-
duced stiffness. The reduction w'as accomplished by drilling holes
into and cutting away dortions of the rubber springs. Radial and tan-
qential compliance wore calculated as being reduced by about 30 per-
cent. The resulting axial stiffness was very low; axial hand pressure
on the paddles caused an obvious deflection.

Vibration o measurelients taken near the edge of the disc on the experi-
mental idler at 30 mph showed modest level s of radial vibration and
:.much higher levels of axial and tangential vibration (Figure 6.11).
The vibration spectra for the modified experimental idler are shown in
Figure 6.12. The increased axial compliance resulted in raising and
equalizing the vihration levels for the three directions. Greater
vibration levols were due partially to the fact that the idler paddles
occasional 1)' "bottomed-out" on the disc suiport..

The resulting A-weigjh.'d interior noise level was 101 dB which is 2 dP
"higher than the original expCrimeental idler. The i.nterior octave hand
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spectra are shown in Fi gure 6.13. Noise levels in the 63 and 125 Hz
octave bands are the lowest ever measured for the experimental idler
wheel . however, an apparent resonance appeared at 250 liz, which nul-
lified any potential acoustic advantage gained by the axial compli-
ance. The noise levels of the 500 to 2000 Hz octave bands were essen-
tially unchanged. The 4000 and 8000 Hz octave hand sound levels are
the lowest yet measured for an idler wheel. This high frequency re-
duction was not unexpected, based on experience with other rubber
vibration-isolated systems. Unfortunately, it is of little value
here, as the noise reduction is required at lower fre(luencies.

The apparent 250 Hz resonance is of concern because of its objection-
able 110.8 dB level. It may be due to the soft axial compliance de-
coupling the idler wheel disk from the track. This decoupling would
allow increased idler disk axial motion and also reduce any damping of
idler resonances by the track. However, this seemingly plausible
resonance is not supported by the acceleration spectra made on the
idler wheel.

With regard to all future idler and sprocket designs, these experimen-
tal results strongly suggest that a low axial stiffness is not of
great benefit and may allow resonances of the whee.l to occur because
of reduced damping.

6.2.3.4 Track Guide Scrub Noise'

During some testing of the experimental compliant idler wheel, the
track guides rubbed and scraped against the idler wheel. This scrub-
bing caused rapid wear of the aluminum idler disk and generated an
audible scraping sound. This noise was barely audible inside the
vehicle, and was more easily heard outside. To determine the signifi-
cance of the scrubbing noise, the idler was tested with and without
track-guide-to-wheel contact. The scrubbing was eliminated by canting
the idler mount slightly so that the track shifted sideways and the
quides did not touch the wheel.

1igure 6.14 shows the effect on interior noise of metal-on-metal rub-
bing between the track guides arid the compliant idler wheel. The
scrubbing produced a 2 dOl increase in the 500, 1000 and 2000 Hz octave
bands, and an overall A-weighted increase from 93 to 99 dB. These in-
cr'eIses are consistent with earlier but inconclusive data. These
(Iata suggest that "hard" track guide scrub creates a 94 dB(A) noise
level. Clearly, this number is approximate. Even so, the data suggest
that scrub noise must be reduced in the prototype idler design.

6.2.3.5 Increased Diameter Idler

Since the experimental idler was larger in diameter than the standard
M1I3A1 idler, a portion of the noise reduction was suspected to be due
simply to the large size. The standard idler is 17.25 inches in dia-
me ter whereas the experimental idler diameter is 19.06 inches, a dif-
ference of 1.-1 inches.
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To investigate this concept, an increased diameter idler wheel, modi-

fied from a standard idler wheel, was tested. The increased diameter
wheel measured 21 inches. Using the 2.75-inch larger wheels, it was

found that at test stand speeds of 30 mph, A-weighted interior crew

noise levels were reduced hy 4 dB to a level of 106 dB. Consequently,
up to 2 dB of the A-weighted noise reduction realized with the exper-
imental idler may be due to the increased size. A comparison of stan-
dard and increased diameter idler noise is shown in Figure 6.15.

6.3 Prototype Idler Wheel

A prototype idler wheel was designed, fabricated, and tested. Figure
6.16 is a photograph of the prototype idler wheel mounted on an M113AI
vehicle. This prototype, compared to the previously described experi-
mental idler wheel, is a simpler and more practical design which is
more suitable for production. The A-weighted noise level goal for one
idler wheel is 92 dB inside the crew area. Attaining 92 dB(A) for
each idler, each sprocket, and for the roadwheels on each side would
result in 100 dB(A) for the total vehicle noise level.

6.3.1 Design Goals

Considerations of production practicality and cost limitation required
that the wheel be much simpler than the experimental wheel. A design
consisting of three metal and two rubber pieces was selected, as shown
in Figure 6.17. The goals in the design of the prototype ccmpliant
idler were as follows:

1. Noise level of 95 dD(A) or lower
2. Production feasibility
3. Service life of 2,000 miles or more
4. Simplicity
5. Relatively low cost
6. Fail-safe features to permit continued operation (at increased

noise level) in the event of failure of the compliant members

6.3.2 Design Criteria

To achieve the above goals, the following criteria were used to guide
desigjn decisions:

1. Space limits: The idler shall be designed so that no changes to
the hull are required on the M113A1 test vehicle.

2. Fxisting hardware: The idler must fit on to the existing M113A1
idler support assembly.

D. Diameter limits: The diameter of the idler shall not he too large
to prevent the track from being accidentally "thrown" or to
prevent common passage of dehris drawn up by the track. If
sufficient clearance is not allowed between the sponson and the
wheel rim, the track or debris could become jamuned between the
idl er and! sponson. This could cause the idler, idler mount, or
hull to fail.
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4. Ribber stresses: To ensure long life of the rubber compliances,
shear stresses in the material shall not exceed recomnnended limits
for rotative dynamic loading. For exaiiple, a limit of 75 psi is
recoimnended for 30-durocieter rubber when shear strain is 225 per-
cent [8]. Much higher stress limits can be allowed for infrequent
over1 earls.

5. Static load: The load that will be constantly imposed on the
idler due to track tension nay be as high as 10,000 lh under
normal conditions. If ar, 1`113 is parked on a 60% slope, however, i
continuous track tension loads may reach 22,100 lb,

n,. ',!y-a ;ic loads: The fluctuating loads imposed on the idler during --

severe vehicle iianeuvers may he as high as 15,000 lb. This load
could occur if the vehicle bottomed-out' on the idler wheel with
a glancing blow.

c7. )vrload li,41it.: An overload device shall be included to react to
excessive loads and prevent excessive stress in the compliant
ele Ients. This device shall also act as a fail-safe feature.

(3.3.3 iPesign Concepts

oe'. -erl cnncepts were considered for the prototype compliant idle-r. -

The predoeir..ant reasons for acceptino the rubber-in-shear design or,
cnnversely, rejecting the other designs included: (1) the attain-
ability of the desired radial c3oMl fiance, (?) the degree of ,.wplicity
i t the design and (3) the level of difficjlty in inanifacturing. The -
degree of simIl icity greatly influenced the expectations of durability
and 'Fractical ity. The various concepts that were evaluated are
,isci cssed below.

,3. 3. i Sectional idler Pi: i;

..• concept. S imllr to the experim:ental compl iant idler, incorporating a
rii,,ber of radially synv:ietrical , independent comnpliant elements and a
sccLional idler rim was considered. The concept was rejected because
of its coml;Ilexity, difficult machining operations, and expensive as-
so'IvI pr, m r e ures.

3.3. . Thin I lexiblu e [ii'Rubher in Compression

Th is concept, shown in Figure 6.12, incorporates a flexihl e steel hoop
"loated" on rubber in compression around a steel huh. lhe rubber
cor,'l ianice will be locally defor med at the poi nt of track/rim contact, -
hot will have less detormation on the side of the idler that is not in
conitact wit.h the track.

lh i' m or t.w drawbacks are the risk of fati ,ue failure in the flex-
1 I r im 1 nd t he I ow c oripl i anrce i n t he rubber- i n-c ompress i on el ement

Als5), excessi-ve point. stresses in the rim could occur durin op track
Vwal k-ofef. Because the tio,'omain drawbacks apcar& insurmount-ahle
this concept was rejected.

j
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Figure 6.18 Idler Cuncept: Thin Flexible Rim; Rubber in Compression.
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6.3.3.3 Thick Rigid Rim/Rubber in Compression

Figure 6.19 shows that this concept is similar to the above concept,
except the floating rim is rigid. The isolators are fixed at their
inner diameter to the wheel but not to the outer rim. Thus, the com-
pliance is never placed in tension. Compressive loads are always dis-
tributed uniformly to the isolators because of the rigidity of the
rim. However, the desired compliance was unattainable in this com-
pression node so the concept was rejected.

6.3.3.4 Rim of Rollers

Figure 6.20 shows a proposed idler wheel with compliant rollers acting
as the wheel rim:i. The major advantage of this concept is that fric-
tion heating due to track shoe sliding is reduced. The disadvantages
are nliited compliance and complexity. Also, the roller concept might
not he reliable in the required operating environments. Consequently,
this design was not utilized.

6.3.3.5 Rigid Rim/Rubber-in-Shear

This concept was judged to he the most acceptable because it met or
exceeded all of the design goals and criteria discussed in Sections
6.3.1 and 6.3.2. It was, therefore, chosen to be fully developed for
prototype hardware. The assembly drawing of the design appeared
earlier in Figure 6.17. Features of this design include:

1. Three steel parts and two rubber compliant rinqs. This relatively
few nomrber of parts will contribute to a low cost production
unit.

2. Adaptability to production techniques. The steel parts are read-
ily adaptable to casting or forging processes. The rubber will be
fastened in place with a cyanoacrylate adhesive or vulcanization
process.

3. Fail safe. The idler rimn is held captive by the two wheels in the
event of compl iance f ailure. This would permit continued
oneration at increased noise levels.

4. Twenty-one inch diameter. This is 3.75 inches larger than the
standard MID3AI idler, but will still permit the passage of debris
or track throwing without Jamming. Additional clearance is pro-
vided by the radial deflection allowed by the compliance.

5. Low rubber stresses. The maxirrium stress in the rubber compliances
is 1 iited to 45 psi. This is well within the recorvended limit
of 95 psi for 40 duroieter rubber undergoing continuous rotative
shear loading. Levels higher than 45 psi are not possible due to
bottoming of the rim. The low levels of stress in the prototype
design will contribute to long service life. (In the experimlental
idler, this type of rubber material was routinely stressed to 210
psi during an approximate test time of 220 miles).

4a
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Figure 6.20 Idler Concept: Rirm Composed of Rollers.
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6. A very simple working action. The rubber experiences rotative
shear at limited levels of stress and strain. This type of
limited movement is conducive to long service life.

-7. Overload capability. The idler was designed to withstand dynamic
loads of over 15,000 lbs.

8. A maximum deflection of .75 inch. This will allow for noise re-
duction at all but the most severe of vehicle maneuvers. Shock
input to the vehicle from the idler bottoming during rough terrain
operation will also be greatly reduced.

9. Internal cut-outs to allow passage of debris drawn into the wheel
by the track guides. To avoid trapping objects between opposinq
spokes, the standard M113A1 idler wheels are mounted with spokes
staggered. Larger cut-outs would be required if this staggered
arrangement was desired on the prototype idler. In either case,
the base of the spokes in the rim are the means of limiting the
deflection during overload conditions.

10. Inclined rims. The rims are inclined inward to utilize the com-
pliance of the inner track shoe pads. The outer edges are highest
and contact the inner track pads first. The *nner pad is deflect-
ed most at this point. As the pad deflects, more and more of the
rim contacts the rubber oad. The effect is that of an increasing
spring rate shock absorber.

Another concept for the rim contour was to providc two circum-
ferential bumps of different heights [10]. This would have pro-
duced a dual rate spring effect when contacting the inner track
pad. However, the valley between the bumps could prevent a mis-
aligned track guide from recovering. Therefore, the ramp concept
was adapted.

11. Chamferred inner edges of each rim. It is known that the track is
most frequently thrown inward toward the hull. The chamferred
edges help the track guides to realign into the center of the
idler. The exaggerated chamfer on the inboard half significantly
reduces the occurrence of the track throwing problem [13].

4
6.3.4 Results

The actual prototype idler that was used for testinq was fabricated
from high strength steel plate and molded natural rubber. The wheel I
halves were machined individually but the rim was welded together from
rough-machined halves, then final machined. The basic designs are
compatible with forging or castinq processes for high production A
rates. The rubber annuli were molded from a high grade, low loss,
natural base rubber compound. They were attached at assembly with a A

cyanoacrylate adhesive. The rubber hardness that was achieved was
somewhat softer than the nominal design specifications: 35A instead
of 40A durometer. Noise reductions for the test prototype may con-
sequently be slightly better than expected. Bottominq-out load
.-apabui1i ties will, also be reduced.

-143-



6.3.4.1 Compliance

The calculated desiqn spring rate for the prototype idler is 8247
lb/in. This value is for a rubber hardness of 40A durometer as re-
quired by the design. For a hardness of 35A durometer, as was
achieved, the spring rate is 6927 lb/in. These values consider that
the dynamic shear modulus exceens the static modulus by 20 percent
[8]. No tests were made to determine the actual level of compliance.

6.3.4.2 Interior Noise Reduction of the Prototype Idler

The noise of the prototype compliant idler was measured on the idler
test stand and compared to tests of the standard idler on the same
stand. Track tension was 2,500 lbs in both cases.

Figure 6.21 shows A-weighted crew area noise levels of the standard
and prototype idler wheels as a function of speed. Noise reductions
of from 10 to 15 dB(A) were achieved. At 30 mph, the noise level was
95 dB(A); therefore an additional 3 dR(A) of noise reduction would be
required to meet the idler wheel qoai of 92 dB(A).

Figure 6.22 shows crew area noise spectra of the standard and proto-
type idler wheels. The prototype idler octave hand noise levels were
reduced by 6 to 20 dB in the frequency range of 63 to 8000 Hz.

For the entire vehicle at 30 mph to comply with MIL-STD-1474, Category
B, the prototype idler would require an additional noise reduction of
5 dR in the 250 Hz octave hand. No further noise reduction would he
required in any other octave band. This statement assumes that the
comhined noise of the two quieted sprockets, two quieted idlers, and
ten quieted roadwheels has the same spectrum shape as the noise due to
the prototype idler wheel. This assumption, thouqh not exact, is
presently necessary because the other low-noise components have not
yet been developed.

6.3.4.3 Exterior Noise Reduction of Prototype Idler Wheel

Figure 6.23 shows the acoustic signatures in octave hands for 30 mph
operation of the standard and prototype idler wheels, as measured on
the FMC test stand.

A reduction of 3 to 6 dR was measured at frequencies hetween 250 and
2000 Hz. The actual signature reduction was probably greater and can-
not be measured accurately on the present test stand. This is sus-
pected because the measured interior noise reduction in these octave
hands is 11 to 16 dB, which is far greater than the 3 to 6 dB exterior
reduction. As the interior and exterior noise reduction of hull-
radiated noise must be identical, the measured exterior prototype
idler noise must contain noises from other sources; the likely candi-
dates are the test stand assembly aid direct radiated noise from the
track, sprocket and idler. A listening test suggests that the test
stand and its drive sprocket are the sources.
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Figure 6.22 Interior Noise Spectra Comparison for the Standard
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IDLER INDUCED NOISE

A .-. Standard idler,
30 mph, 105 dB(C), 28 dB(A)

B Prototype idler, 4

30 mph, 97 dB(Flat), 85 dB(A)

ENGINE EXHAUST NOISE

C - --- - Maximur, noise levels in 2-3 qear, 600 to 2000 RPM,
accelerator full) depressed, brakes "on",
standard M1lll3A1 production vehicle.

0-- -Same, but for TAADCO•I Iclw-signature demonstration
1,ll3AI vehicle. (Lata taken at 50 feet, 6 dB then
added for distance compensation)
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Although the exact acoustic sig3nature of the prototype idler is appar-
ently too low to be ineasured on the test stand, it can still be con-
cluded that the exterior idler signature has been reduced to well
below t h c. maxiimum exhaust noise of a standard M113AI, and thus would
not lead to detection. The p)resent data are not, adequate to determine_-
if the actual acoustic signature of the prototype idler wheel could
lead to vehicle detection riore readily than exhaust noise froal-
TARADCOM's low-signature M113A1.

0.3.4.4 Duaility~fthe-P-ro~totye ldler

A 1 iviaited amount of test mileage was accumuau ted on the prototype
idler during noise m~easureiient tests. It is estimated that a total of4
about 31 rail es were conMr eted with the idler ope-a tedý on the '.eSt
standi at various trdck tensions up to 2,500 lb. Of the four hood Sur-
faces that exist, three were i 'n excellent conoition but one was peel-
ing away at the inner dianeiter and peeling slightly at the outer did-
mieter. Apparently, poor asse'uhl v efforts were at fauilt because all
bonds have endured tL'hec same opor ati1.ng, condi tions and en'.'i runmient.
Pub~ber overlap at steel edges was not a factor in th is f ailr.
appreciable wear was observed on any of the steel compo1j)nen~ts 1nad'ly
because Of good track align:-ent and no occurrence of idler "botltomi uig-

Ba seo upon earl icer f at i ue ..est in '4 a-0 upon examv at ion of the ex-
per iinentalI idler paddle bonds, this ,prototype idler could, easily pro-I
vide over ?,000 miles of service life, excludfiig the possibility ofa
forejuin object causing a cata,"tro,-hic failuree of ? ribbepr element.
The annuli are, of course, the weakest links 'in the arse-nbly. T1he
:iain hazard involving the rubber is the 2.1ossibili')y of a hard or sharr
ob;OCt becom1i ng jadITned b-etween the rubber and a solid moving steel

com;ponent.- Cut-outs near the inner diameter and the sriall clearances
a t the rvu:- wi 11 ci i~iinii 2e the threat of debr is dai-mage. Further'more,I
considerable wear of the r;;<.'er mnaterial could be sustained before
f a i1lure occurs . Ac tual vehicle (lUrab il11ty tests would be the only
:mea-is of deterimining accurate fielt service life expectations.

The second weakest link in the assemtbly is the rubber- to- steel hond.

The experimental and prototype idl1er wheel s emupi oyetd a cyanoa7-ryl at~e
a dhe s, ve. This ad,-hos, ye proved to ho, thc' i:;(ost desirable in laboratory

I ts shear strenc;th when expcseci, to water, the bond shear strength ex-j
ceeds that of the rubbher by a factor of up to sixty. A' vulcanized
bend ha s been proposed as an equiallI'Y reliable iieans -f attachirgl the
rubber. Hlowever, the Lonfiguratior. of the vretotype idler might prove
t o h n too restrictive for the riolds reoctir'ed ')\ the vujlcanizing pro-

Durability o f t he stevel wheel halves and ri:ii is expected to exceed
that of the standard 111113 idler wheel. This is becaujse (,f the reduced.

4,14



impacts that will be experienced. Excessive wear, of course, could
result if catastrophic rubber failure occurs. Nevertheless, these
parts could probably be reused several times with new rubber annuli.
Rebuild cycles could be predicted with field testing.

6.3.4.5 Conclusions and Recommendations

The prototype compliant idler wheel demonstrated a substantial reduc-
tion in idler generated interior noise. Although the design goal of
92 dB(A) was not met (95 dB(A) was achieved), development of the pro-
totype idler wheel was a very successful step in reducing the M113A1
vehicle interior noise. If the sprocket and roadwheel induced noise
can be reduced by as much as was done with the prototype idler, subse-
quent hull modifications and/or improvements in the compliant suspen-
sion members should enable the interior noise goal of 100 dB(A) to be
met. Although field testing of the prototype idler wheel has not been
conducted, because of the rugged idler wheel construction and conser-
vative rubber stress levels, ser-i-e life is estimated to be at least
2000 miles.

Future compliant idler work should include the following areas:

1. Investigate design modifications necessary to make the compliant
idler wheel completely compatible with standard manufacturing
techniques to reduce unit manufacturing costs. This might include
replacement of the glued rubber to steel bonds used in the proto-
type idler with vulcanized-in-place rubber parts.

2. Investigate design modifications to facilitate field replacement
of failed compliant elements.

3. Conduct a field test program to determine the durability and ser-
vice life of the compliant idler wheel.

7. EXPERIMENTAL SPROCKET CARRIER DEVELOPMENT

7.1 Conceptual Approach

Based upon the successful demonstration of noise reduction on the com-
pliant idler, similar concepts were extended to the sprocket. The
sprocket presents a greater challenge for noise reduction than the
idler because of the necessity to transmit high torque loads through
the compliances.

As with the experimental idler, the experimental sprocket is a tool
which will aid in the design of the prototype sprocket. The design
and testing of the experimental sprocket was intended to address the
following areas:

1. Exploration of the constraints and limitations involved in com-
pliant sprocket design.
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2. Assessuent of thie practical amomnt of torsional deflection that
should be allowed before lockout

3. Deterriination of the effects of both torsional and radial loading
"on the compliant elements, including heat buildup

4. •eter:,iination of the effects of axial deflections and axial tilt-
ng, especially with regard to the overload inechamism

5. Selection of the halance between torsional stiffness and radial -
compliance for required torque transmission and optimal noise re-

. . . . d 'ction

6. Selection of a co:;iJli.nt Elaterial

7. ilagnitude of expectcd interior noise reduction 11
. ,-ssess~int. of the effect. on exterior noise

9. Esti:;iate of durrability

7.2 ')esign G.oal s

The goal s ii the desiqn of the expcrimental conpl iant sprocket were:

1. A\-wei hted noise level of 95 dR or less

2. A.bili ty t.r: he tested nn hine test stf.cnd or on an iperating vehicle

3. Service life of 100 :;iles or rore

.il- featJuros to :iaintain an operational sprocket and t)reve.
a thrown track, ýn the event of co:npliance failure

5. Ahi 1 i ty to transmi tuie torques encountered in typical vehicle
a ane. vers

A i,1cc . ut t e co*; 1 ance during thc transi missi on of very
hi .h torque loadinq

7.3 P,1esi In Criteria

To achieve the urove qjoal s, the following criteria were ui.l to guide
design decisions:

1. Space li,i ts: The sprocket shall e (e!signed so tint no changes
to the hull aro required on the oI.3A1 test. vehicle.

2. [.xistinq hardwa;'e: The sprockef ius t fit on to the existing
MI13;I final drive assembily.

K.



3. Pitch: The nitch of the sprocket shall not he changed from that
on the M113AI vehicle. This dictates a 10 tooth sprocket of the
same diameter as the M1I3AI sprocket.

4. Rubber Stress: To ensure adequate life of the rubber compliances, -

stresses in the material shall not exceed recommended limits for
rotative dynamic loading, e.g., 75 psi for 30 durometer rubber
when shear strain is 225% [8].

5. Static load that will be constantly imposed on the sprocket due to
convion track tension nay be as high as 9,000 lb. radially. If an
M113A1 is parked on a 60 slope, track tension may impart loads up
to 11,200 lb radially and 9,156 ft-lb. torsionally.

6. Dynamic loads: The fluctuating loads imposed on the sprocket dur-
ing severe steering maneuvers iiay be as high as 5,600 lb. radially
and 2,570 ft-lb torsionally [1?]. This occurs during hilly cross-
country maneuvers.

7. Torque: The maximum torque that the sprocket must transmit is
11,300 ft-lh at an acceleration of up to 1 g. This occurs dur-
ing panic skid stops [14].

7.4 Design Concepts

Development of the experimental sprocket initially focused on the corn-
pliant mechanism. A complex rubber-in-shear system was finally chosen
after other concepts proved impractical. Design of the overload
torque device was then pursued. A ten-degree torsional deflection was
used for a torque wind-up limit. This ten-degree anqular deflection
was considered appropriate for both long-life stress levels in the
ruher compliances and workable clearances to allow isolation of the
sprockat during usual operations. The extremely restrictive size en-
velope was the major obstacle throughout the whole design effort.

In the following subsections, the various compliance concepts that
were evaluated are discussed. A description of the final design,
including the overload torque :iec haninsm, is presented in Section
;.4.4.2.

7.4.1 Rubber in Radial Coorlression and Torsional Shear

The phrase "rubber in compression" has been used in this report when-
ever a design concept employed rubber in radial compression. Almost
all of the concepts provided torque transmission via the shear mode.
Various concepts using rubber in compression were compared by evaluat-
irig predicted performance characteristics for similarily sized struc-
tures. Trends in performance changes were observed with certain modi-
fications and their particular advantages were investigated. No ef-
fort was mdde to systematically identify or categorize these trends.
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Procedures for predicting performances of the rubber-in-compression
concepts were basically the same, so only the description of the first
concept will go into any detail.

7.4.1.1 Solid Pair of Rubber Rings

The basic concept for rubber in compression involved a pair of solid
rubber rings. The individual ring size was chosen to he compatible >1
with standard M113A1 sprocket dimensions: 15.125" O.D. x 12.375" I.D. 1
x 3.625" wide. The rings would be press-fit between the inner and
oute; hoops for a ten percent preset compression. Each ring was
to be bonded to an inner hoop but not to an outer hoop. This avoided " i
placing any rubber in tension. Torque would be transmitted at the
outer mating-part line by friction. This concept is illustrated in _

Figure 7.1.

To evaluate this desinn, it was assumed that the compression loads
were reacted by an equivalent flat block of rubber. This equivalent
block was of the same thickness as the rino but with flat dimensions
equal to the projected area of the ring inner diameter. The shape
factor, rubber hardness and simulated dimensions were then used to
approximate the total sprocket radial compliance. The torque capabil-
ity was predicted from the ring dimensions.

This solid rubber ring concept proved unacceptable because excessively
high radial compliances were predicted whenever 3cceptahle torque cap-
abilities were found. Conversely, acceptable radial compliances
occured only with excessively low torque capability. This negative
relationship between the two desired performance characteristics could
not he reversed by any charge in basic rubber material

Other practical difficulties were anticipated with this concept.
First, the task of press fitting these large flat rings between the
two hoops would be difficult. Second, the probability was low that
the total outer surface of the rubber would provide enough friction to
actually transmit the predicted torque output.

7.4.1.2 Directionally Modified Compliance

The addition of circumferential holes or radial holes were two modifi-
catýcns intended to improve the performance of the rubber in compres-

osin concept. The objectives of these two approaches was to decrease
radial compliance while maintaining a high torsional shear strength.
Each modification employed a pair of rubber rings that were assembled
from rectangular blocks with holes through them.

The individual blocks were as thick as the solid ring and as long as
the width of the ring. Orientation of the holes determined whether
they were circumferential or radial. The blocks were to be press-fit
side-by-side between the inner and outer hoops.
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TWO SEPARATE ISOLATED
SPROCKET WHEEL HALVES

Figure 7.1 Sprocket Concept: So1~d Rubber Ring in Compression.
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As with the solid rings, the radial compliance was assumed to be pro-
vided by an equivalent block of rubber, as thick as the ring and of
an area equal to the projected inner diameter. All blocks contributed
to torque. Figure 7.2 shows an assembled modified rubber ring with
circumferential holes. The radial hole modification would have looked
similar.

Various sizes and patterns of holes in both directions were investi-
gated. However, no modification of either type resulted in suffi-
ciently low radial compliance while maintaining a high torsional
stiffness. Only round holes were considered but other shapes did not
seem promising. Consequently, rubber in compression was considered
impractical.

7.4.1.3 Three Concentric Ring Pairs

One of the original design concepts proposed for the experimental
sprocket involved three pairs of rubber rings in compression. This
design is illustrated in Figure 7.3. The large pair of rings provide
most of the compliance and torque capability. The other two ring
pairs provide additional compliance.

The fact that this concept could not achieve the desired spring rates
proved to be the major drawback. Other difficulties included complex-
ity and instability. The concept also depended upon an eleven tooth !
sprocket, larger than the MII3A1 sprocket. This was considered unde-
sirable since performance and load characteristics of the complete
vehicle power train would be altered.

7.4.1.4 Rubber <n Radial Compression and Radial Shear A

Another original concept combined the ideas of using rubber in coln-
pression and rubber in shear. The proposed design was to have four
pairs of rubber rings; a large and a small set in shear and a set of
soft and hard pairs in compression. This configuration is shown in -A
Figure 7.4. To accomodate the complex structure a larger than stan- -i

dard sprocket was again proposed. 1]

The major drawbacks to this concept were the complexity, the larqe
size and the inability to obtain both the desired compliance and tor-
sional stiffness.

7.4.2 Compliant Fabric Isolator

An unconventional fabric isolator system was another proposed possi- 2
bility. The fabric weave pattern was to have strong "threads" of
various co'npliances, woven in three different directions. As assem- 1
bled, one set of threads would extend in a radial direction, frorl
the inner hoop to the outer hoop. The other two sets of threads would
form opposing spiral arcs, stretching frmn the inner hoop, around and
outward to the outer hoop. 4l1 of the threads would he secuired at
both ends.
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CIRCUMFERENTIAL HOLES
COULD ONLY BE INSTALLED
VIA SEGMENTS - -4

t-L-

Figure 7.2 Sprocket Concept: Segmented Rubber Ring in Compression
with Circumferential Holes.
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STEEL COMPONENT

HARD RUBBER FOR DURABILITY

SOFT RUBBER
FOR COMPLIANCE

Fiyur'e 7.3) Sprocketk Concept: Three Rub.'bcr R~ing Pairs in C-ompression.
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HARD RUBBER

SOFT RUBBER

RUBBER RINGS

IN SHEAR

-N\\i' 0, A

S' } RUBBER RINGS

I.,.,IN COMPRESSION

• •oncev• Rubber in Both Radial Compression -Figure 7.4 Sprocket Wn-e: 
;

and Radial Shear. I
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The sum of the tensile compliances for the radial threads, beig..
stretched in one direction, would have provided the total sprocket
radial compliance and strength. The spiral arc threads would have
combined to provide torsional stiffness in either direction.

The configuration is shown in Figure 7.5. The cross section shows
each type of thread as a different layer when, in fact, they would be
interwoven.

This concept was not pursued becuase it would have required excessive -

research and experimentation, and therefore, was unpredictable at thisstage. "

7.4.3 Overload Gear with Rubber Separators in Compression

One sprocket concept proposed the use of rubber segments that were
encased by steel on two sides to provide resistance to radial and A

torsional forces. The configuration is shown in Figure 7.6.

This concept was not seriously investigated because the operating de-
flections for desired compliances would have been excessive when
related to the small size of the individual rubber elements. Design
complexity, fatigue, instability, and wear were also considered to be
major drawbacks.

7.4.4 Rubber in Shear

The rubber in shear concept involved pairs of flat rubber rings sim-
ilar to those used in the prototype idler. In the sprocket applica-
tion, they not only provided radial compliance but torsional stiffness
as well. The contradictory relationship between minimizing radial

compliance while maximizing torsional stiffness was again encountered.
A smaller ring had the beneficial effect of reducing radial compliance
to desired levels but it also had the negative effect of reducing the
moment ann and, thereby, the torsional strength. Similar contradic-
tory relationships were found when modifications were made in the
areas of size, hardness, stress and strain.

7.4.4.1 Single and Double Pairs of Annuli

In the study of single and double pairs of rubber annuli, acceptable
levels of performance and durability could only be obtained with over-
sized designs. At the larger sizes, desired workable deflections pro-
duced excessive stresses and strains. Considerable effort was expend-
ed to avoid more complex configurations. However, no variation of
rubber strength, size, or shape was found to be practical. Low radial
compliances could easily be designed but compatible torque capability
only increased with size or number of annuli. The only recourse was
to increase the number of compliant elements.

4
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ONLY THOSE THREADS IN TENSION ARE ACTIVE

CLOCKWISE SPIRAL~THREADS!

RADIAL THREADS

"COUNTERCLOCKWISE
SPIRAL THREADS

Figure 7.5 Sprocket Concept: Fabric Isolator.
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RUBBER SEPARATORS
REACT TO RADIAL AND

TORSIONAL LOADS

Nft

Figure 7.6 Sprocket Concept: Overload Gear with Rubber
Separators in Compression.
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7.4.•4. Triple Annuli Pairs

--A set of three pairs of rubber annuli was found to provide the best 1
performance characteristics within the size and stress constraints.
The final design is shown in Figure 7.7. The other assembly compon- I
ents and the torque overload devicE are also shown. A photoqraph of
the experimental sprocket mounted on the test stand is shown in Figure
7.8. Each rubber annuli is attached, at one surface, to the inner IA'

steel hoop and, at the other surface, to the outer steel hoop. The _
attachment is made via the inner and outer steel supports which are
welded to their respective hoops. A preset compression of ten percent
is put into the inner and outer pairs of annuli. A preset compressinn
of twenty percent is out into the middle pairs. The preset compres-
sion improves fatigue life. The orininal means of fastening the
supports was by blind rivets, but since availability was a problem,
welds were used.

The outer hoop supports i modified M113AI sprocket wheel and an inter-
nal disk with large spline teeth for overload. The main support is
holted to the hub which provides mating spline teeth for the sprocket
component. Each Sprocket wheel is floating on the compliant structure
during normal operation. There is no metal contact in the internal
spline during normal conditions because the design provides enouqh
backlash for up to ten deqrees of angular deflection in either direc-
tion. Maximum radial deflections of one-half inch are also limited by
tne riechanical stops incorporated into the overload device.

The stanrard M113AI sprocket cuishions were mounted on the outer hoop
before the halves were assembleo to the hub. No fastening feature was
included for the cushions. A proposed large hose clamp could have
heen installed adjacent to the cushions if necessary to stop lateral
or rotational movement.

7.5 RESULTS

1.5.1 Compliance

The calc-,lated radial spring rate tor the experimental compliant
sprocket is 17,538 lb/in. This value was calculated for a rubber
hardness of 40A durometer with a dynamic shear modulus 20% qreater
than the static shear modulus. No tests were made to measure the
actual compliance achieved in the experimental sprocket.

7.5.2 Interior Noise Reduction of the Experimental Sprocket

The experimental sprocket noise was measured on the FMC test stand as
was done for the idler wheels, however, additional measurements were
taken at the driver's position. The sprocket was driven by the track
and was freewheelinq [16]. No torque loading was involved.
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Figure 7.9 shows the crew area A-weighted noise levels as a function
of speed. This curve presents the best noise reduction obtained. Tne
noise levels were not steady, but cyclic with track strand revolution.
This unsteady noise level at constant speeo was due to an unexpected
metal-on-metal clatter which is discussed in Section 7.5.4. A-
weighted noise reductions are 4 to 11 dU. For a sprocket to meet a
goal of 92 dB(A) ir the crew area, at least 11 dB(A) of additional
noise reduction will be required. This is also true of the driver's
area, Figure 7.10; at 30 mph the driver's compartment noise level is
the same as in the crew space: 103 dB(A).

Figures 7.11 and 7.12 show octave band spectra of the standard and
experimental sprockets. Noise levels are reduced by 1 to 11 dB be-
tween 63 and 8000 Hertz, and an average of 10 dB in the important 125,
250 and 500 Hertz octave bands. Considerable additional noise reduc-
tion will be required for the sprocket to be 7 dD below IIIL-STD-1474
Category B. Achieving that degree of noise reduction is necessary for
the entire vehicle to be below the Category B noise limits.

7.5.3 Exterior Noise Signature of the Experimental Sprocket

Exterior noise levels for the experimental and standard sprockets are
shown in Figures 7.13 and 7.14. Because of the unexpected metal-on-
metal clatter that was discovered, the exterior noise signature ac-
tually increased. The clatter was cyclic and closely associated with
track strand revolution. When the track was run in reverse, however,
this clatter was greatly reduced. The reduction in clatter may have
been due to improved alignment of sprocket teeth caused by the orien-
tation of the decagon sprocket cushion, or may have been due to a
chanue in the complex dynamic interaction of the track with the
sprocket. The cushion fit snugly to the outer hoop and maintained its
original assembly position for forward speed operation. A 1.4 degree
rotation was observed after reverse operation.

A detailed investigation of the clatter problem follows.

7.5.4. Experimental Sprocket Clatter

The unexpected metal-on-metal clatter that occurred with the experimen-
tal sprocket prevented achievement of the significant steady noise re-
ductions which were predicted. Investigation of the problem included
operational observations, dimensional and alignmlent comparisons, and
detailed analysis of recorded noise data.

Initial test observations with a Strobotac and sound level meter pro-
vide(: no significant explanations. Interior noise level variations
did not precisely follow the cyclic clatter throughout the octave
bands. The track appeared to always align toward the outboard side of
the sprocket. Correspondingly, eacho track shoe showed fresh wear
marks in an ii1ho)ard corner of the sprocket tooth cut-outs. This
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indicates that both the side and driven edge of the sprocket teeth
were in contact with the shoes. Wear on the inboard sides of both
sprockets was evident. Some outboard sides were scraped whereas
others were untouched. Finally, no significant torsional vibration
was observed.

Dimensional measurements taken while the experimental sprocket was
still mounted showed that assembled dimensions agreed closely with the
standard sprocket. Also, misalignment with the track strand was only
slight: 1/4 inch difference in offset from the hull between the test
stand drive sprocket and the compliant sprocket under test. System-
atic rotation of the experimental sprocket revealed that the teeth
varied only .048 inch at the most in sideways offset. No
significantly odd-shaped shoe or set of shoes was readily apparent on
the track strand itself. Finally, disassembly of the experimental
sprocket showed that no metal-to-metal contact was made at any point
in the overload gear mechanism.

Analysis of the recorded data was conducted to evaluate the possibil-
ity of any consistent relationship between the clatter and a particu-
lar section of the track. Steady-state interior crew noise at 30-mph
was plotted on time charts for both the experimental and standard
sprockets. At 30-mph and with 57 track shoes per track strand, the
following cycles are present:

0.114 seconds per sprocket revolution
0.65 seconds per track strand revolution
6.48 seconds per one sprocket tooth - one

track shoe interaction

The noise-time charts showed a somewhat random cyclic noise level var-
iation for the experimental sprocket. As previously discovered, this
variation was not consistent throughout the noise spectrum. In some
octave bands, cyclic sound pressure level variations corresponded to
the one tooth - one shoe frequency (57 sprocket revolutions per ten
track strand revolutions). This noise variation, however, accounted
for only about thirty percent of the total variations apparent in a
particular octave band time history. The association between the
noise variation and track strand revolution was only observed during
exterior listening tests.

In contrast to the experimental sprocket, high frequency time history
plots for the standard sprocket revealed a definite cyclic variation
of noise levels with edch track strand revolution. Total variation of
Lhe magnitude of interior noise levels was about the same for the two
types of sprocket wheels.
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Since the analysis of recorded data was inconclusive, the experimental
sprocket was reassembled and mounted on the test stand for more opera-
tional observation. Attention was focused on both the sprocket itself
and the test stand system as a whole. A consistent sideways rolling
motion of the test stand hull was discovered, which corresponded to
twice the frequency of the track strand rotation. Both vertical and
transverse nonsinusoidal wave motions of the track were observed to
correspond to the track strand rotational frequency. The wave motions
produce considerable axial and radial forces on the sprocket. Each
track strand revolution included three waves, one of which produced a
significantly stronger downward impulse. Thus, it appears that the
test stand itself is producing strong impulses on the sprocket that
are associated with the frequency of track strand revolution. Rocking
of the test stand hull intensifies the axial forces on the sprocket
teeth. Of course, the experimental sprocket is compliant in radial
directions but relatively stiff in the axial direction, so side im-
pacts are efficiently transmitted into the hull as interior noise.

Reasons for greater exterior clatter noise with the experimental
sprocket, as opposed to the standard sprocket, are not fully under-
stood. The increased compliance of the new sprocket may amplify the
wave dynamics of the track strand and thereby cause qreater clatter.
The problem may also be due to the relatively low inertial mass of the
experimental sprocket which might allow the sprocket to resonate.

Further testing will be performed on the experimental sprocket, in-
cluding operation on paved track. The fact that two catenary track
strands (upper and lower) are free to interact with no influence of
the ground is not representative of actual vehicle operation. This
and other test stand influences (vehicle rocking, etc.) must be elim-
inated for a meaningful evaluation of the experimental sprocket.

7.5.5 Durability

It was estimated that about 80 miles of free spinning test stand oper-
ation has been completed with the experimental sprocket. Most of this
test service was at a track tension of 2500 lb, at 30 mph, and with
some peculiar track dynamics occuring, as discussed in Section 7.5.4.
No torque loads were included during these tests. No significant wear
or damage was noted during this short service life except for that
associated with the clatter problem. The sprocket tooth and track
shoe wear patterns which occurred during the clatter may not continue
after the peculiar track dynamics of the test stand are eliminated.
Consequently, durability predictions for the compliant experimental
sprocket are drawn from knowledge of the standard M113A1 sprocket per-
formance record and from knowledge gained during the idler development
program.
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As with the prototype idler, the weakest part of the experimental
sprocket is considered to be the rubber annuli. Results of the idler
testing program can be extrapolated to predict that rubber annuli in
this application will provide over 2,000 miles of service life if they

are not subjected to severe damage caused by foreign objects. In the
present design, hazard of damage froml foreign objects is of concern at
only two areas: (1) the exposed outer diameter of the exterior pair
of annuli and (2) the partially exposed inner diameter of the inner
pair of annuli, near the overload spline gear mechanism (Figure 7.7).
All other surfaces of the rubber annuli are enclosed. The exposed
outer diameters are expected to be self-purging. The second area,
near the spline gear, will be exposed to small sized debris which may
not be so readily purged. Future design studies should investigate
this potential problem.

The next weakest link in the design is the rubber-to-steel bond. The
experimental sprocket employed a cyanoacrylate adhesive, as did both
the experimental and prototype idlers. No failures have occured with
this sprocket and no points of possible failure initiation have been
observed. However, vulcanizing is a preferable bonding method for
production. Future design studies should investigate if the supports
and rubber annuli could be vulcanized together in a separate subassem-
bly. This would permit removal of the molds after vulcanization is
complete, which is not possible with the present design.

The steel components of the experimental sprocket are expected to have
a service life of well over 2000 miles of operation with the capabil-
ity to withstand frequent over 7 oading. Catastrophic failure of the
rubber elements and continued failure mode operation could cause se-
vere damage to the overload system. During normal compliant opera-
tion, only the sprocket teeth will be exposed to any significant wear.
This component is made from the standard M113AI sprocket which is a
proven durable item. During overload operation, only limited wear
will be experienced by the spline year, even considering the sliding
tooth action which results. This is because overload operation only
transmits that component of an excessive torque or radial load to the
spline gears which is not first taken up in the compliant elements.
The long durability expectations for this sprocket under these condi-
tions is further substantiated by the fact that the compliant sprocket
wheel subassemblies are symmetrical and may be reversed to wear both
faces of the sprocket and gear teeth equally. During failure mode
operation, when the rubber rings fail completely, severely violent
action will occur. A sliding, impacting load action will be experi-
enced by not only the overload spline teeth but also by the sprocket
teeth themselves. Single tooth loading will place high loads on the
spline teeth which are designed with a factor of safety of only about
two in this experimental configuration. Damage to the overload iiech.
anism way render this system irrepairable, depending upon the duration
and severity of failure mode operation.
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Our-ability of the central area which provides clearance for the track
guides is expected to be very good. Because the sprocket teeth main-
tain a lateral alignment of the track shoes, no contact between the
track guide and sprocket will occur at this point. Foreign objects
have less of a tendency to be drawn up into the sprocket than into the
idler. Ingestion of foreign objects into the sprocket could normally
only occur during reverse operation which is infrequent and slow, also
the track guides would dislodge an object when forward operation is
resumed. No cutouts are provided for debris in this area, because
there are no structures in which foreign matter may become entangled.

7.6 Recommendat ions

The experimental sprocket design is considered capable of fulfilling
all performance criteria, however, it is complex and does not fully
meet the noise rediction goals. The complexity seems unavoidable with
the present severely-restrictive size envelope. The limited noise
reduction nay be i problem of test conditions, and not necessarily the
design itself. Consequently, recommendations for improvement include
some additional testing with improved equipment.

There are two recommendations for improving the basic design of the
experimental sprocket: (1) simplify and (2) toughen. A simpler de-
sign is needed to reduce initial cost, as well as improve reliability.
The experimental design employs mild steel material designed, in some
areas, with factors of safety of two. Future hardware may require
harder or stronger designs. The overload spline gear mechanism, for
example, is designed of mild steel using a factor of safety of about
two. This is acceptable for experimentation but not for reliable
failure mode operation. Other areas were similarily designed for
expedient completion and with the knowledge that experimental opera-
tions would not be as severe as actual field use.

Before further testing is conducted, consideration should be given to
the test stand. The significance of track strand misalignment, test
hull instability, and track strand dynamics must be !. dersLood before
more measurements are made.

Further, the experimental sprocket must be tested underway to deter-
mine the effects of the compliance on various vehicle manuevers, in-
cluding high speed turns, pivot steering, hill climbing, etc. Sprock-
et tooth disengagement and/or track throwing are potential problems.
Also, the dynammic effects on the upper track strand resulting from
both a compliant idler and sprocket need to be investigated.
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APPENDIX A

THEORY FOR HULL VIBRATIONAL RESPONSE AND INTERIOR SOUND LEVELS

The generalized theory for the prediction of the vibrational

response of an arbitrarily-shaped structure bounding an enclosed

cavity, and for the development of an acoustic field within the

cavity, has been developed in various forms [Al,A2]. One such

approach, termed the "power flow approach", has been developed by

BBN [A3] and is summarized below in a form suitable to the

present problem.

Figure A.l shows the general situation of a distribution of excita-
tion forces and radiated pressure fields which act on the structure

as it vibrates. The structure is represented by its set of'
independent normal modes (uncoupled and orthogonal), so that the

total displacement of the structure w(x,W) at a point _ = (x,y)

on it is given by

W(KW Trýr~x)(A.1)
r

where T = (w) is the displacement of the rth normal mode. The•r r

wall response to the forces and pressure fields acting is found as

[A31

w G(7/x';w) [pO(X,) - Pi(x,)] dx'

(A.2)

where the integration is over the structural surface area and the

st~ructurels Greens function is given by

C ~';)= MY5 )

SSA-1
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Here q) ¶S M, and Y are the mode shape o eneraerir-ed m,,iass and

adral ttanc0 Function For the sth strt ct urn.1 mode.

0 /= K; L --~ / ). -- •,;

The interior acoustic Pressu:o field n. (x due to structural

vi b"ation is riven by

f -

" ( k o. 3 )

.. , - -, ;o " .. :. iT

~j~e'e Q i t le t~15 it'' .I c '.h C .d ( ',~

Is th e ( L vit'v I' c'on• . ,; !",Inct , i •l,

while k- s *,-he ncoust lc ;vmrbr 'tK:'ro.edriu

tior, consists or a ront ,cC : ' 1i;! V,(w: =t "cuO- c

leca d x x_ n ,ind tLhe e' II :) 7 an:'d', ,•sa , ei•ier iv' ,e.

1 I I ° ,

'-- : (A.L')

From o (A. I), the modal res r n3- s ns
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Multiplying through by m(x)'r (7) and integrating over the

structural area, leaves

M r Cr = fin(R) ýr(x) f G(7, _Xw) [ F(w) 6(_X I'XF) + 02 ( ) pi (_I)]I d~x'dx (A.5)

Multiplying Eqs. (A.3) and (A.4) by r( ?) and integrating with respect

to x' leads tt an expression for the generalized force r' on the

rth mode due to, respectively, the interior acoustic field F r

the point force F F, and the radiated pressure field rr 2;

f'or example, FP

Fpi =fPi(7') ýr(7' d3.'

_() 2f r p'fG(X/xI;)' (R)d,•d.•] Ts(A. Ca)

S

o r F i • • - W 2 I r S s

S

where ITs =:. Gp( ';W)P r(_')t$s (•')dx-d•' (A.6b)

is interior structural-acoustic coupling parameter

Similarly, 7r = F(W)lr(x7) (A.7)

and Fr = pW2 i j

p 2  rs

S

where J = fOf (X/x';W) @r(X')t (X) dxdx'

rs BeP r s
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and GO(7/7';w) is the Green's function for the radiated pressure
P r

field. r will be neglected from further analysis since itsP

contributi n is negligible in the present point force situation.

Then, with Fr= r r + r . and, on substitution of Eqs. (A.6) and (A.7)

into Eq. (A.5), the modal response equation becomes

Y rPr + pW21rrlr + >,2 rs s F _r

s~r

or in matrix form,

[arsi •s} (-rr}

The solution is L= rs] -l-s= [art] (A.8)

where I a{ Y + J jrs r + (A.9)

s
Then, the totail structural displacement W(•;w) is found from

Eq. (A.1) as w(t;•) =-Z r •rtrt
W(,xw) art r(W)

r,t

(A.1O)
r

_ _.•h Ctrr (w)Fr ()

r

on neglecting intermodal coupling terms which are generally small.

Further, the acoustic effects will be negligible for the present

structure in the sense that the acoustic reactance is much smaller

than the structural reactance. Hence

C rr(W) -Yr~r ,-
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and n r is the sum of the structural and external radiation loss

factors, and the structural response becomes

w(7,W) - F(W) Z@ rF) ('A.lla)Mrr
r

= H(Jw) Ie-Ij (A.llb)

which is a complex function.

The time average, mean square displacement at frequency w

w'. X %4)= :Re [wL w*]

r s r s r s

rys

Thus the structural respoise depends on the spectrum of the

excitation force, the mode shapes at both the point of application

of the force and the observation point, and on the modal masses

and admittance function. The output from the finite element

procgram STARDYNE used in this study is in the form of Eq. (A.11b)

i.e. providing results in terms of magnitude and phase. Point-

to-point comparison of measured results with prediction tend to

be inaccurate; bettr agreement is found by making space-averaged

comparisons, where the average is performed over at least five

representative positions on the structural element of interest.

As .•2rquency increase,, above the fundamental structural (whole-

bn y) moens, the number of modes accumulates rapidly with frequency.

Cer'tiin str'uctural elements may tend to respond more strongly
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(independently) than connected elements, and may tend to contri-
bute most to the structural modal mass and hence kinetic energy

at that resonance frequency. For example, as shown in other

sections of' this report, the M113 hull roof vibrates independently

at about 65 Hz, contributing about 75% of the total modal mass for

this mode. Further, in the one-tbird octave band centered on

160 Hz, F-E modelinr predicts that the roof and floor respond more

stronrly than other hull elements, there being about 7 modes in

this f'requency band. An estimate for the space-averaged, mean-

square displacement to a band-limited force excitation of mean-

square F'opce in Aw oV F2 for each of the major structural elementsA
is C cosnsi.lerabie'.interest and use in the evaluation of the

effects of structural modifications on hull vibration response

and the associated interior acoustic radiation.

The spnce-av-rra.e, menn-square disnlacement, f'or an element A of

the structure, averared over a narrow frequency band containing

several resonant modes (rcAw),w',A' is found as

'\,A~ KMA~ N2 - JvJd

f , f(A.12)

r
= r * 'A A

r r

lier'O tho •lodal cross-coupling terms (r # s) c0 not contribute to

the response and the response is dominated by the resonant modal

conihution:, Further W2  and F 2 have units of (displacement) 2
1,A 6

and (force)? respectively.
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",TARYNE calculates values of Q r(7) at model nodes, so that on

manipulation of the output files, the quantity in square braces

[1, which represents the degree of restraint provided by the

remainder of the structure, can be calculated for each major

structural e..ment e.g. Cloor, roof, upper side plate, sponson.

In detail, the calculation is found from

0(02r (T)A~ Ar~ij A(j)

Ai jcA

2 , A(j)

,th
where A(j) is the area associated with the j mode and

where I and j represent the nodal coordinate directions and node

number respectively, but only the coordinate nor'mal to the surface

(.0) Is:1 Importa:nt.

The contribution of structural elements to the total modal mass

can be calculated as

"A jcA
(A. 1 )

r(,j 2 (3,j)

jA

where normal displacements are most important. Here M(i, j) is the modal

mass of the jth mode referred to the ith coordinate direction.

At hl.her' Frquencies the element mode shapes will be essentially

::Inwscldayl, and Eq. (A.101) reduc•-s, usinv band-overaed .oncents,

w• = . '', a ,( i.•
1',,r --. * • 'A A v
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where V.' is the time-average, mean-square force input at x iJn
band Aw. nr,A(w) is the modal density of' the structural element

of" area A and surface density mA, and where 7(7 ) and are

average values of, 4(x F) and p (assuming. equal loss factors for
r r

each element). The relative energy levels between different

structural elements is determined at high frequency by the element

modal density, mass and area, while the coupling of the force to

the structure is described by $(;F).

A redtiction in response level will be oroduced as the force input,

the modal density, and the modal displacement at the point of

api.- , icat; on of' the Corce , are r•educed.

Acoustic Power Radiated to Interior Acoustic Field

Tower beirng, radlated du( to the 11oti.cr.

ort' the l'th sti'uetuval mode is 'iven in terms of the modal radiation

, tnce by I A, I

d( t = Rr (W v2rad( r) >( .. 6
'rad ra~r/.r

where <22> = W2 -<w >, is the space-time average, mean-square

velocity ot' the rth mode. If there are N modes in a frequency

ba!nd of' width Aw, the total time average power radiated is found

by 11 ummingl each modal contribution (assuming modes independent)

- r 0.V2

Wdr (A.17)

As;t.min" that equipartition of energy between the r modes applies,

tiLs r'educos to
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N
1, = i. S? K r (w)

"A v radrcAw a
(A.18)

V2
VA * Rrad

where v 2 is the space-average, mean-square velocity of the

radiating surface and Krad is the band-averaged radiation resis-

tance. Vq. (A..2' may be used to calculate v' 2 and rad can be cal-

culated us.in the methods of' statistical energy analysis [A41.

Then, for nn element A of structure, the band-limited radiated

acoustic power (in watts) is found as

A AA (\ A

As before, usinF" modal density relations and band-averaged

express ions,

'A M M ( ") .
A,A -ri 2A 2 - rad, A ( ?0)

it in cLear that the rower in'low depends on the magnitude of the
'orce inpuu , the radiation efficiency (o = R ad/Aoc), modal

density, loss factor and mass of the driven structure, as well as

on the mode shapes at the ooint of application of the force

.010e t'educt ions will correspond to reductions in WA, and can be

I'eiat•d to ,rhanes in those quantities shown in Ecs. (A.19) and

'I )ao which javrund. 70'-example, if ,2( X,) can be reduced
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by a factor of 10, a lOdB noise reduction will be proouced, all

other parameters remaining fixed.

At those frequencies where several acoustic modes occur in the

analysis band, the band-averaged radiation res~istance will provide

a Food estimatc for the structural-acoustic couplinn.

Eqs. (A.15) for the band-avernoed mean-square displacement w2 (w)

and (A.20) for the band-averaged acoustic rower flow WAW(W) incor-

porate statistical descrintors for the structure, as em:loye oe :'

Statistical Energy Analysis, bnc. also lncludes a prrameter X2(•

which des;cribes the couplIng between the point. Nano' anl(1 t(,,

st rpuctural modal response. Values for M-.(-V) ape cIIlCuIatcd TI"or

the [ri, e element model urp the hlU l tpuct'tir2v Ain the( ,r' t'rt

problem, (but may be compared to the coulin Irlo: s Qcu.. or1 used,

in Statistical Enerrgy Ana lysiis). Thus the detailed oruu•l t•i'

the hull modal analysis can be matched directly with abatntlIsc:tl

descriptors for the structure in calculation of the potential

for vibration and noise reduction associated wtit various,

structural modifications.
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APPENDIX B

STARDYNE Input and Output Data

Table B.1 STAR Input Data

Table B.2 STAR Output Data

Table B.3 DYNRE2 Input Data

Table B.4 DYNRE2 Output Data
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Table B.1 STAR Input Data
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Table B.1 (cont.)
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Table B.1 (cont.)
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Table C.1 STAR Input Data

Table C.2 STAR Output Data

Table C.3 DYNRE2 Input Data

Table C.4 DYNRE2 Output Data

I
C-11

44

APENI C-



Table C.1 STAR Input Data

I

H UA~t

A.l I L -, 1 . , L1Ab

*~ LVei PMu* L
a ft* . . . S. . . . . . . . . . . , I . S. . L" IN

'...... ...... . I . ..... . .

....A ).LI..I....... m..N , ..

* - L I A.t Lt VC JL I' F. 0" A

*4 A JAu t INLPA I"4ULL[ W TI k~ Ml- I LJsi j
* WInL '1., Ut SLP1.n ) |*'HI' TANT LHM~e•I •4 n Y:•|N|INg,|4 1 rS
* Nb LL& .E Lt It[ IN . ! P't js...AN. IN *'.' S

* • WitS•; rus..II' oil t T () A- )NIL. ., I NT,. t

* WL hI SIAI t t.t. *t NI,'jIP :A$ •N "b~I 4SARj Kt P LUVn: *vtt4

* L APY UTP(A. LU ITI ..tPY n Of. - U, I 'L II

'C.

ii



Table C.1 (cont.)

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - -

U e I to % U 'J 4C ') t, bU tft ba I.: It, 0 U

LAKO .40 00.000.9 00 0. 0 . . . . . . . . . . . . . . . to . . . . . C&.0 Slott

P L 0 1 LISL%20 F L 0 1
"MtLJAI MVL L; T #4 1 C MPtL)L t L 14 U;

"I" , 6 :Uvb 1 1. c t

*3 t L Lk 1 0

A " z "I I "oil k ot. I Wj k I i I ( -wo "hILU

6 L No 
I it.

I out 01. 3 .0 31 Z 3.0 hJult
UUL ozj ;b U.0 kUUf
AID , Diu 0 0 0 . 13 3 j MUM

10 N 0 it 0 4 Q 6.913 fCjUt
11 " L, ý) - k. I ov IQ j, 1 0. c 0.0 Q. 0 ',.a 31:1 V:U Pli ULU
1z "Out 6k U 1 .1 ou .10) 1 -,.o 0. U U.0 *A 0 ji d %) U Uultf,
1) 4 jil ukcd .00 A01 IOC Id : 0 O.j Q . U ,1 0 J3.1 U.U MuOt U
14 0400 t (.01 U I %ou 44 () i I 1., 0 U. ( to . 0 .1 d 0 1 j . I V U riuu L U
is PIOU, bud bu 1 100 4141: ht, I O:U 0: U be jj.i fj 0 MUOE .

6 , 1 
1:661

16 P400 L 11 1j 0 " I b 0 0.0 0. tj 1b U jj:t V.u h. Ut 6
I I MODE (A C. I Iov 101 1 1 1. 13 3 0 0 Q to ?,. Ili ji e 0 11 ý U it 4

10 m UO t 4, . 0 z 4 V U 0 j 100 101.0 0.0 0 . 0 101.U I i . Q ut
19 Mout Gito I vo-j v i I I file . 0 U.0 0 . V tod.0 ji.i U v hU(
g 0 ft oat ow 1: d i 1 001 tul 100 1)4.0 O.U Q. V Ij%.0 I J. ý V.0 %uLt 4
411 Gt;, tR 01 0% L 6 1) 0 )J: e W4, Ul

I . OUL U 4 W, 00 1 J. 1 0 1 j e U j i z eu 5 UQL
13 Hio t t. .1 1 44, : 40(l 1 zz:0 3 J. b.8jj Z4.0 3J.1 IV s %jut
d 4 P, UU14. v ()1 00 bob I D 0 1i " 0 Ij. b. a j s pq. 0 3 J. le du.'j 4"E6
25 #6 U U- 11 0 1 10ý1 lvý i IQ. IQ- ju.0 1J.1 v h.0c.
IC6 P4 jot 46 a oi 1 1014 L I ob 100 1314.0 ji. I I U. d " 114.0 j J. i U. poýl)t 1.
I I moot to , I at, 1 -1. IDS 3J.i b.0ji -1.611P 3J.1 Iv. hjUE
is Haut I L I I I I* I -L:105 I I I b:5 I j j OE6
49 MODE(. D1 10? 1 U 1 -3 611P 49:1) U v 70 4v 0 L, JUEW
Jo moot Gitol 1407 410 100 12,0 410.0 10.$ iz.o 49.0 1:05.0 "Outt.

oor f.:Dii*o I LLv JE Id 0 A,# 0 NVUkk,
"I to I IU:5 LIZ : 00 14 10 0 55 Uoto, 0 101 110 0 34 0 49: 0 1 u Uut4l

of 0 D I I, a 0 1 110 11(. 1 -4.70 A-4.0 t-,; . 0 -v. to U.0 v pq U at 0.

;41 Pluot f.:Plt 410 1. tb 100 14:00 44:0 jj:v 1": 0 v:Q tO 0 hOD16
10 , UO((, UL IkIO ft I , I 1,( 44 0 55 Q 14f 0 v 0 1. 5 Uut.

36 MOiA(,9OdIIIUkLI6 100 1114.0 49.U SJ.u %1%.0 V.0 AUDCU,
3? moot (1 110 111 1 -5.6141 34.1 31.1 -5.64e 1? .11 Ie . 0 KýUfi.
36 Mook (I M 111 1 -7.6ro )*.& '4 J. 11 -7.670 d 1. 41 14 j . 5 k0L)t6
19 "Got f. Itb sib too 61.0 *.U Si,.D 9J.0 0.0 %S.6 04 . 0 it 4
40 kOOt(6 ?is a a 1i too 70.11 ii.9vu % io . 0 sb.j I It . 9V 0 St.v mijuit,
14 1 04oDt 4. 91%&115 too I od II:0bI %'P:O 1,16 0 11:061 js:v ftJUI,.
14 hoo 40 1063 0 106:093, 11 13 1 SIA a I ": (10, 1 dA t)j %5 0 P, JUI 4
1 06 out r. 101161111 too 118.0 33.1 SS.0 13,4.0 3A.1 ill .0

*ýh 04 0:,; & i o I't to 14. 1 110. 1111 IV. 1#58 Sj.U 41Y.115 L4.308 5".0
4.) kUAG Vk4oI11j 199 101.0 1 -A.() 'JA.0 ij,..o dc. 1 J3 1) 5 . Q
146 p1jut GO U I L i ov I le 0 1 1 15 7. j O.U U.v 157.,l Ji. I V . 4) h-f

-61 MODE 60 011 ZOoj I i i 1 4 168.5 0.0 10.11 160.5 31.4 IV.$ 1,10"t

44 NUOL 16 111., 1 'd 10 4 166.5 qO 10.5 kqj. s 49.0 q J. " 11"Ut
41 MODE&POiMilli? 4 11) Y.0 0.0 11.9 141.5 0.0 4.0. 5 MUU(
50 4OD1f6A02IIV)LZ1v 1 111.0 11. 1 Id-9 Lq 5. j I J. I It I. "Jui
ip I k No
52 :t s fr. 1001jou 1001011010 

1S 11. 6 , 0 10 0 1 IV
114. kloollioto i to to tV

C-3



Table CA1 (cont.)

- -i -Z. -

I 16 i 20 1: 2 3Ic 3 N 41,~ 41 111 5b toj bt to4 ? alb8v

;1: %;: IQI~g
IGO 61.H b i.I

:0 :UM1 00,F 6 1:. 13 54. 1?

hI I'm4 21 41. 111. 0
hi GHI 10, 6L. 1:1 '1 5.11

61 :GMT? J04; hi. hi. =1 tf

hA w GMT .0. 41. hi. 61. v..IIT

40s~i Aib 22. 2" :. GM~T
hess! 7% 47 4. 44. 194

1 0 B~IG" Sb I. ed .4 21.J dO,,!

1?59? 411 21 Ž0. le Žo.
h W CHI 141, 10..4 e .'. is .I U5

14 GMT? 41) 10:3 It,.I 10.1:J4
?5 uGMT l5 i o.3 10.1 10 j

?6 G I T,940 his 10. 19. to. I94
1 6 194 14 20, 0. 10 .. ,

79 s WGMT bib 10.0 10.to3 toc : 6 4.T
60 "ON? LOLto 2 .4 d'J4 ."4:1 G9tiT
51 s*il 101Ž 194: & 5. L%.. 6i~

Iv GCMT LOIS dA 156 I..

64 ssI? 101, 19.4 1 Y.14 . 5.4

N4 ss(.N 111) 39.1 'w.." 14., "4.94

41 gAiM & I t' Os iOI 10310 10ut I a* ESAmt.

91 61*96 M0 1 04 o 01 154. SO Ill I
A2 .(N I .a Li0 I h0 1/0 I tuIO O AN!.

90 A 4, ' 700 A C04 t.
0
%. ,1.A

OE -M65 to to '0 0 i 401 IL]. t, I, AMAI,
91 St*'

94  
19 31100bo 6401 1./0 1 S'

41?o *A6t 11 114 zoo .1 01 4. 4 AW. £4

96 5 k A11. 16b I 110)1 , 103 1 1& l IA(

V9 51*964 I? 5% 61 bi., I AA"I
t00 s,(*Nu 16 411 'Ala I I 9i 100 /4.A~

101 (91 44 411L011 11011 I it, I I At Amt,,
F0 51*44 40 101'P Lob, .011 i 0 A A"',

&0) 51*966 411 10b3 toil loll 1 4. t,. APS.

:. 10 (. 6106 sn 4 IOU 100 ZOO) 100 IL., I I "Alt
V44 s Aft6ý .5 1100 1?00 1 1) I .I AM.,
t'1 AM96. U 0% 04. In I4 lUj d A4

EAA 41 65 6 1 1to 10) 1U4. 4 I. M

LU6 d A nt'9. bi 20 1103 OIL4 I I. -j A~

C-4 --



Table CA (cont.)

7ý

too STA1UThL 3.4 114UT 000
---- ----- - - C 'k KU I PA. t

I i lb 10 .14 Is It JL tw As log t6 to 6% 64 it lb Nu

$.A AU "0 ............ CAtv Mli

119 OCAM, 6) 30 10: tf)o d It %LAP-w -

a 10 ( an 1. 0% 40 10 ouo i &If bkAA6

P40 k ou
1 1%:69 Af6 4d 'go 6 so 0%

:F:,Jp 
I

A .:-03p"l I f.%SO 0..861 *t!.bo 4.UV

Its apk"Pt 14 &.91 O.U" 11.115 *4.09 broor
11b dFlopt IP 0-61 .. ?1 160. 15 I.b? 11PRO
I? :FRUP1 0 'u 9 relir

It 6 413 or it UP
.18 F utl JO 0 'd
Lit dtkUPk a A. Pp 1 .111 1.41 0. 14 stmop

ido op:upl 9 lp:Sz 64 IU:*Ae k1:L9 UP
Lai F up: 4. 5 JA 69 p up
III OPROP %::q ij:41 1):14 :r6lop

III a 4 1 11 14 4 It I I I Ji. I p " OP

It% .:20pp, . O:O'f 1:)o .1.91, or 1, b"

I Pt *PAU P, A A U it 0 1 1 J It O.L& ofFkd0`

lib E.) t 140

Ld Lit Lill k t I.S' VklAa

126 1 'A. If Oj b 3 604 1 Z11 fI(iAd

L2 4 JAI Ac 1 6'] 701 104 I.VP 1KRAo

LIO : Jk I Ab 1104 1120 1 Lit) L.7% 1KIA6

&]I 'so i IOU

LIZ OU&Db 1 102 10) 104 ILI 1 1 1.5 1 QUA05

I). QUAUB e 117 1014 tul I I to UWAUu

11 A QUA0b I kid 105 Lob liq QuAgo

Ljj oukib A 114 lob Lid Idt QUAGa

I Ib QUAOU 5 111 120 Lit Lis QwAto

11 1 QUA38 6 1 zj I It I LZ I's 11 WAD.

Ila UuAob 1 106 L07 too 'If" q A U a
k J9 Q U Ad tj 6 120 too 109 % I If UUAU,

I UUAUG v I at t 09 1 11) 111 GuAU*

I .,)A,)b to I* IOU LOU ZOO too ý01 too Ito I LUG 1. I'll, UUADS

JAI UA;l 15 16 600 150 bso 50 bsk 50 bol So UU:Ud

A 14 3 QUAD . 0 It ? 00 1 00 Soo 1 00 to , 100 , 41 , 0 o #44, Ug
iit QUAUb dd to lot 100 101 104) 1 Oz too lot IOU QUAUC

141ý QUA06 21 to bmt So & .' so &%I so 601 so QvAod

I 40ý QUAaR 19 Is 101 too SOL 100 Got LOG roi 100 4JUAI)tq

167 JUAN8 J16 18 102 10 0 lod too dos 400 10) 100 QvACj

148 wUAOb IV %,j but SU 6*ji 130 653 SO 00) I'v UUAjj

L44 JUADO 4& 41 lot 100 sod too dos too loj 100 thUAUt

ISO JUA06 14 1. 1) 0j 101 100 103 100 1014 100 1014 100 1. 1 lp QUAU6

M QU&Dd 51 15 lot 100 104 100 105, too MA Jog Qu&Dts

I I I QUA08 ') b 604, 6t) 1 04 6" 
"', AU

m OU A Do 51 60 Jos too $03 100 sot too FU4 too IUAUU

I'j* UUAOb 61 &M 1101 LIOF 4904 QvAOd

LIJS GUAUb 61 66 105 too toli 100 lob 100 106 100 &.is QUAD41

15b quAgo 07 601) ro% rob *06 QUAD6
157 QUAUb 60 71 704 100 Got 100 Gob 100 106 100 1.41. QUAU*

L56 QUADd ?I Ito% 1207 tell itob 4JUA06
L59 QUADO ?I el lob too 206 too loy IOU to) too O.5U QuA0b
1,60 QUAob 0) slob L211 Lilt L101 QUAD6
lbl UUAJt 54 qJ LO? 100 101 100 106 100 102 LOU 1.1ý QUAD#,

Itz JUA.;Q LLOI 1111 111b to, Q U 40

C-5



-I
Table C.1 (cont..)

-- -- - - - - - -- -- - - - -----k U - --- --- - - -

Is ZV 44 to J1 N8£ i ~ u 40 t88 8 o Ii ?a *

1 *k I. .......... 9. ...... .... ....... 9 9

163 .8U&0Q '8 18 10 100 to: 100 20'o10 00IO I lU'S IO)U QUAu*

164 QUA, b IUl I10 .J~8 I 11 11% QUAD:

1 0 to. 11, o10 100 208 100 110 10U mIt 100 UA&U?

lbb JUALb 11: W, II1U 100 110 o00 2LI 100 18 L&Ou I. o Gu&us

101 U06 it* 1 D84 III too I 1 100 21 4 100 It 1 109 W4ALK6

t1a8 CUA DS 13% &o0l l111 &Ii £0bj QUAUB

469 QUAD6 A36 1%% ill to0 212 it LO ) 104) i1 LOU QU&04

110 iuukus 14$ 1.1061 1II) 1 118l oil8 QU~h
Lit IUAOb L186 I L o8 1•0 IUD 1 k0 1 OU : 1 to o QUA&O

ill UUhDb 149 tst 61) 0O0 ill Lou 11I 1) 61 10%) QUAD.

j?) QUAQ6 I8) li 114 tO0 I00 IOU 0 t) too 10 18 100 QUI

111 OUA39 18b 1J9 61 o 100 too 100 1 ) 0. 11 100) QU6A0

1Il QUaD: 160 162 11i 100 218 100 1i, 'Ou 186 Lou QUAOo

116 QuA3 I 16) t68 s1% 200 11 200 Fib ZOU 6bib 100 qu4o

11 QUDDl 165 161200 11208 &idol &1.uL I UUA0U
1113 QUA~b &611 17UL204 il(ob it.04 ie• L;O •&L)119 QUAI$ 1ll 11)L120 l2q08 L ilt0 Ii8 v A 0

119 04u8U 114 116121? -1:115% Lk0 Lill a OUAD4

181 9 060 111 119118 It1217 Lill Lit 11 -1 QUA..
L82 QUADS irl Litt &1 i~t l il L|IU O•&

I8) QUADS 180 900 901, 4115 V1 %14106D
184 QU&06 1l8 901 100 1 1 U 1 11 UAUu
188 680 I NV

1t3( LNOfto8 LNo0G

it7 LANI,108 MOQAL tATRALTIUIM K L ftt(V8 jL L IU L m I V mM E I A IC Pt U k1%R

Lot o M Pa "IC c.j Si lot) -.1 #64 A"
159 k i'J05L &'u'

C:&

* -

'g: C-6

V I



........... . . . .* . .P .. . .P .P

PP.j a ..4:a tJ 3k
* .~2oP

P. -P P

-j J -j M

4* J3. -P b P

_jP v

vP r

P* ~ ~ ~ C z3A PP~*4

P. ~ ~ ~ ~ 1 Z0P - P. . A0PP

v P P x' .C '4r 06, P . ..

PP J J P goP PZ P

* ~ ~ ~ ~ ~ ~ I P z. wP . P .~p

PP ~ ~ ~ a %.7 3 . PP p
PP ~ -~- P . 42tI P .W -

PP -4343 Od P . 0P *W4



-z 2: -:! z Z-- -NzzN

Oct4.

ID4 % A0 ' 07 4 a

r -Y- vzo4 o

~df.4%jj

2p 2''0O OO2O 4 2 2 0.31 a 0.7.7

JJ

cp44

2 ,p--

o c w3 o~'~ '4 A'4d ?p4 f

j

Z-1 .

.4e

C ~ ~ ~ ~ ~ 4 14... . . . * . . . . . . . . . . . . . . . . . .

r a v ,oJ 1 DN

4.. e

-C-8



.71eJ
*~~~~~~~ 

P. * 0~ DI 0. x~OOO e f0O r* ~ O ~ O~~ .

A. fV S0SP -

0 N O 0 0'
0001 010

~JS U-% 61 1 1 el A6 V 1,a146P 0 ail~ * 4 # ft -4 FIIO a2

4104S~~~~~~~~~~~ ."D Yi.- v'o 00 -A CP , r' 0) . % P&* l4a-

os *t

00 0 :0 * -, 20 00 .0 0 a

..jj . . . . . . . .. .. .. .0 IOý 1 . - . . O .

.4- 0 00 4--

IN - . " : A . N N0 a

m 4~ 0 0OO M COO-41,N0O0 M N O ME ANC~~

,g Sw w C, 0 0

4 7 0 0 v 00 NJ

040 00.0 e 0.0 N N m

w -000000 "40 0 0 0 0 0 0 0 0 0 oooe000O00~o
&0 C! It *S S* 

C*S 
S S . .

1 1 iI I II I 61 11 1 1 II I II I I 1 11110 11

9J X

0 0 Ir 4 -f r & I
13~~#4 ~ m- 5 00~ O %O E U C P

a 0, N 41 4.' 7 10 4 1.

0 400tN -. vp 0P 4% IN a 0P 0O C P 1 C 0% 1~S 0 1O., MO 0 0P 11 J4 NM40

0 m .0N4 I r. 40 4 41 OO N 4NO OINO4) 41 0c 0o 3 0 00 e10 O000OOO0 0 OON 90

* ~ W 0* Wc ig0l~ 0 II I I 6I OI

* g s00000AiEC

J0 00

C-9



A Y.

4: 5c I 0ý

a .30 0000A).. cl Oolov4%P 0~0'~

a D .7 Q _. r I A Z* Z. 2 o a

333% ~ ~ I 41'4 ) P a-~ ~ 3 .  
4' 00 0 3 3 4 7.' o0 3~ 4'3 w -434 m433 lo 4) A'

''?' 'j

.3~ 1 1 1 3 110 7.g i* I 3l l 3 4" 399 00 00 , .v1 97.

3D ~~ %N~~l4'd~~3.A)~~0CNN4'O3.~l ON .3 N4'0A0 fC 444'
4

f'A )O O4s,4%.

41
3 

13.3 N1'N'O 4 . 4 '' ) 3 Q 3 0D 'N4 ' 
3 

0

03. C34C .4N ''*4.

p4'.3 .3 CA) -Y4'' ONf 4'.3C PND D, "r CN # O CO N4 NN '4NN

. . . . . . . . .. . . . . . . . . .ao

0 ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 '4fJS. C4 '4%N *x'8fld Dt~fO z.~ CS4..t o3?4n'

rC r - - o3. 4' oa oz'~ 04' 4'. oz oo44 3.33 '0N 4 * 444?4 ~,4 ' - -1C 40 0 D C 0 07 .

C-1



33 0- 4vO 0 0 C, C V

3300-00 C,00 O OOOv -- c-

~ ~ ~ 3N 13 0 N0 N 0 0 0 0 %- C-. %N4 0 3 J, 0. m N 0 03 .04%.00

0000 00 oO0 O00"-- 0000000300 0 0 3 0 90 0 ~
-,~~~ 3 030030 0 1 3 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 3 3 0 0 f D 00000

* 1%** 3ý 44 *0ao . . . . . . . . . . . . . . . . . . . . . .

001 3 4N~~~lO l l h O p a ( p f N Aft v 0 0 0 4 IOd lll 0lllý '

4) N) 4 0?1, JO It4 N'0 44 Ad. v0N 1 4% 0 0 0# m 0% a N 1% -.j 0 . - 3 44 ? % .?. 0 p

0 2a P"E N, 4 '0 % 4 O 4 N 0 % N % '4 00 r 4N 040 u2A'N

* 4 4~ ' % . 4 % ' % 4% 0% r 0 4 On% '402 %N %4 403 -4 4 30D P4 4 . 0 0 -. A 0 M z I%. %3

P IF-4 N.?1 -P Oo O 4 P V ' 03- 0 0 0' N 4 -3 -3 M0 43

Ill114 0 gi l 0I 11 1 (P11 00 a;-1 4

o ~ ~ ~ ~ 1 19PN- 4 %4A3. 0 C, - - 0 4 4% '4 4 w P.3 ' %0~ ,.%- 0 0 " w -- 1 .0 ,. p'3*

P ~44 4N 0%??- .0 3 4-4PN %0-' 1 N v4 01 A 0Q.-4N.4 0 -1 0%.0 0 a A 0 00 -30a - '4 1-' 0 *3.

0 NN'm4NP44o - r^ O0 40NNN00 00' 3

-o

10 1 r% V a 10 V %4 '0. %' 4 %?N4 4 %N- . N ? 40 4 % 4 P2. v - y p '0 00-

3~~~~ 0 4 44% 4% J, 4. 2 ?PP ? ? 4'0'%' 44 C% 4 ' 4 N '0 OZ N1 a 0 0 -41~-04

DoN4' a 0 0 0 
4 4%00000000 0 4 % 30 0 O 0 0O

a 00 0-' 0 30000000000000000 r 00 v .00 0 04 000 0 0 A% 0 00 0. 0. 00 0. 0 0 00 a

44 MW NO M , #.%4 %240044%N. %4 %4'% 0 3 0. :! 01 0 w % m 0 N 0 0 m 0 0 0 J '0 Ný P. 451 4 ?4 2'

O -3 4SPN0 424304 ' - ?4 %2P4 4 4P N '4 43 ?4 00 2 0 4 -N C' 4 3'

4%4%N-42P 00 4% co 0 00 0? 00 % .41 3P 0 co 3 0002 00-024 4N 00 4 0 0 - 0?N-.,%44O . %-

000 3000000 0000 00 0000000 coo0 00000000

... ... ... . %.4 V .* .t %* * ~ . . . . . ... 4 4! .. .. . . . ..c

*0003 -- -0300000 00000 0-- - 0000050 - -- .
NNNNNNNN25222

0 ~~a 00 0=04 0 5? PPso? ? ?? ? 000V-0 00

-- - - - - - - - - - --- - -- - - -- - -- - -



IN 10

042

.w# o 4# -&O**-,4

~00000Q0~ O 000 2000900 0--
I * ., . . ý 0

1i 11111 g og* I 11 oi l il l ol l .

c ..

,C# in C~ #d'~~0WCi-12-



A A4

AA

A ftI

I A

Ad - t 1
A Aj AA

Asi
IA It

Aft

AfAt- A R

Af Af ,I t Af

intn

A~. Af

'fC- 3A



.9

N'�* * *
INI

I '.4'
I,'. *
I A AA A A � A A 4' .1% A A 4' A A
I * 4****** C * * * 4******

� N � '�J � N '4 5 '4 '4

� ,�

I *

I � '.9 �
I .4* *
13 *
I *
I 4 4** **C** **S
I * C � 3 A 9 A 9 A '� A 9 A 9 A 94' 9 A .9

I �** ) -, � � -. � 3 � A 4'.� h 74 '44' 4'- �
- '4 *.4 .4 N v '4 '.4 '.4 4 -,

I *' * �
Cl

* '9 C

.4.3 *1 -, .93 -.9
* I - -� ��4'-4

C A � � A I A A A A A *'. A A A A A N IN N
U I

'I C '. '.4% N % N 5.4 SN SN 4%.� "N.
* � 44* J'.S � �-4 *N4 3 7 4 1 A �

, .'J .4�4.4'4.4.4-4 '4', '4'4 '4.44

* -

L) *
.4..w * 399

NJ 
A 3 A 9.' 

34'3 
1.93 

IS 9 A '3 A .9

'1' If .95 � 3'Y 3VIA3 O�
.4 .4 . - - '4 '4 '.4 '4 '4 '.4 '4

- .4 -.4 -.9
I'�* 4.4 '4

'I

.9 4 .N A A iN AN A A IN A I' A A A �S 4' 4' A IN 'I

*t 9'4J:,A2,�g'4''NN'..7'�JN'.
9

N%.'4�NNNNN NNNNN
5'4� .'IN4rN'4N 4------

*9 *
* '.4-444-4-A .J%4N4'J'I4N�4

I C

�'. 4'�5�39.4N.N4'4'..Crs VN57�.9 �

I '4 * 4� 4'4".JN ,4�.9'i '4'14'
I 4 ".9

I C 09.9
*4*C*CC* .. CCCC*C * **

'.4� A 00,7.44 j'!I'.. �9 .4 A.4' �J'
- 4 4 .4 "4 - 4 "4 '.4 ".4 "4 "4 N

I 4

I .44* ' 4 ' 0 N��N4N'.4A.'.)�'4t09 A
9- - .9 -4.4.4.4�4-4.4�.4�.IN'4 '4"9'N

I * -
9 4

*1 .4 - C
9I �.. :�

A
- '4 '4 -- -I .4 4 N '4 '4 '4 '4 '4 '4 N '4 .4 � N 'N 'N '9 Al 'N '9 ".9 '9 4' 4 4' 4' 4 4' 44' 4' 4' 4' AN �

c-i 4



tI :

I *

91 *
.1 6

* I i •

9 •

o

*p *1 g -'

4 9

CC-1



.9•

9.,

9. .

• ..

*9 3

.9

6#J*

4. ,, . . . . . • • o • . • • .

*.. 9 4 , ' 3 -. , ., .. . . ..... " -' .4

< -. - * * l 1 11 i l: i

* 3 Z 4 4. 14 44 4 A 4 4. 4 4. 14a-4 44 .


